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Resumo
A área de materiais bi-dimensionais é uma área promissora em ciência dos materiais com um
diverso conjunto de aplicações em várias áreas distintas. Desde a síntese do grafeno em 2004, o
interesse na produção e caracterização de outros materiais monocamada tem crescido. Para com-
preender como as propriedades desses nanomateriais se comparam com suas versões bulk, novos
procedimentos experimentais são usualmente necessários. Entretanto, quando experimentos não
conseguem analisar estes sistemas a nível atômico e dessa forma compreender suas característi-
cas principais, simulações atomísticas são úteis. Nesta tese, apresento um conjunto de trabalhos
que fazem uso de simulações atomísticas para estudar molhabilidade e propriedades mecânicas
de materiais 2D. Primeiramente, no capítulo 1, faço uma revisão da pesquisa em materiais 2D,
especificamente molhabilidade e propriedades mecânicas, assim como os conceitos teóricos usados
em simulações de dinâmica molecular. No capítulo 2, apresento trabalhos sobre como nanogo-
tas de água interagem com superfícies dos nanomateriais grafeno e grafidino quando a velocidade
de impacto está na faixa de 1 a 15 Å/ps. Fenômenos interessantes ocorrem a medida que a ve-
locidade aumenta, e no caso do grafidino é observada permeação parcial. Este capítulo também
discute dois estudos de gotas interagindo nas superfícies de florestas de nanotubos de carbono e
camadas de grafeno empilhadas. Mostro que diferentes funcionalizações podem ser usadas para
ajustar como a gota penetra nos poros e fendas formadas nestas nanoestruturas, influenciando sua
molhabilidade. No capítulo 3, apresento os resultados de uma série de simulações de diferentes
combinações de calcogenetos metálicos: um sistema multicamada, uma heteroestrutura vertical e
uma heteroestrutura planar. Os resultados das simulações refletem aqueles obtidos nos experimen-
tos, e adicionalmente são capazes de explicar os comportamentos observados para os materiais. O
capítulo 4 lista as publicações produzidas como parte do projeto e as conferências onde resultados
foram apresentados. Finalmente, no capítulo 5 faço observações finais sobre os sistemas estudados.
Palavras-chave: Dinâmica molecular, materiais 2D, molhabilidade, propriedades mecânicas.
Abstract
The area of two-dimensional materials is a growing field in materials science with a diverse set
of applications in many different areas. Since the synthesis of graphene in 2004, interest in other
layered materials’ production and characterization has grown. To understand how the properties
of these nanomaterials compares with their bulk counterparts, novel experimental procedures are
often necessary. However, when experiments cannot analyze those systems at the atomic level
and thus comprehend their key characteristics, atomistic simulations are useful. In this thesis, I
present a set of works that make use of atomistic simulations to study wetting and mechanical
properties of 2D materials. First, in chapter 1, I review research on 2D materials, specifically their
wetting and mechanical properties, as well as the theoretical concepts used in molecular dynamics
simulations. In chapter 2, I present a work on how water nanodroplets interact on the surfaces of
the carbon-based nanomaterials graphene and graphdiyne when the velocity of impact is in the
range of 1 to 15 Å/ps. Interesting phenomena occur as the velocity increases, and for graphdiyne
partial permeation of liquid is observed. This chapter also discusses two studies of the interaction
of water droplets on the surfaces of carbon nanotube forests and stacked graphene layers. I found
that different functionalizations can be used to tune how the droplet penetrates the pores and
slits formed in those nanostructures and influences their wetting behavior. In chapter 3, I present
the results of a series of simulations of different combinations of transition metal dichalcogenides:
a multilayer system, a vertical heterostructure and an in-plane heterostructure.The simulation
results mirrored those obtained in the experiments, and additionally were able to precisely explain
the observed behaviors of those materials. Chapter 4 lists the publications produced as part of
this project and the venues where results were presented. Finally, in chapter 5 I make concluding
remarks about the systems studied.
Keywords: Molecular dynamics, 2D materials, wetting, mechanical properties.
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1. Introduction
1.1 2D materials
Two dimensional (2D) materials are structures with one of its dimensions measuring in the
order of a few nanometers, decreasing to a single or few atoms in width.[1] Their synthesis and
full characterization are among the major challenges of material science nowadays. It is believed
that their flexibility, tunable electronic properties and high mechanical resistance will be suitable
for a plethora of applications in many different areas. [2, 3]
The first 2D material to be produced and that started research in this area was graphene
(Figure 1.1a) in 2004. [4, 5] Since then, the search for other 2D materials has grown substantially.
[6, 7, 8, 9, 10] The hexagonal structure of graphene (with atoms on a sp2 hybridization) has
many interesting properties. It is considered to be the strongest material ever produced, with a
Young modulus of about 1 TPa, and intrinsic strength of 130 GPa.[11] Even fibers made of a large
number of stacked defective graphene sheets are able to maintain a very high level of mechanical
strength.[12]
This mechanical strength, together with flexibility and transparency, makes graphene a promis-
ing material for use in flexible nanoelectronics. It has been shown that the carrier mobility in
graphene can achieve outstanding values of 200000 𝑐𝑚2 ·𝑉 −1 ·𝑠−1 in a single, suspended layer[13]
(for comparison, copper and gold values are respectively 5770 and 6120 𝑐𝑚2 ·𝑉 −1 ·𝑠−1 [14]). How-
ever, graphene alone possesses zero bandgap, so in real world applications, it would need to be
used in conjunction with other 2D materials that have complementary properties. Nevertheless,
the growth, characterization and understanding of the physical properties of graphene have paved
the way for the study of new 2D materials.
One such novel post-graphene material is a carbon allotrope called graphdyine. It belongs to
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the graphyne class of materials, which are characterized by benzene rings connected by acetylene
groups, as shown in Figure 1.1b, having a hybrid system of sp and sp2 carbon atoms.[15, 16]
Graphdyine was synthesized in 2010 using hexaethynylbenzene as a precursor.[17] Among the
properties that differentiate it from graphene is its non-zero bandgap. [18] Its large pores when
compared with graphene also make it a promising material for water purification [19] and selective
filtration of gases.[20]
(a) (b)
Figure 1.1: Structures of the 2D materials (a) Graphene and (b) graphdiyne.
Besides carbon-based layered structures, other 2D materials are also being investigated. Among
them is hexagonal boron nitride (h-BN) [21], an analogue in structure to graphene, with equal
numbers of intercalating boron and nitrogen atoms (Figure 1.2a). One remarkable characteristic
of this material is its large band gap, between 5 and 6 eV. [22] This makes it a monolayer insulator,
which can be utilized in conjunction with other 2D materials to build nanosized electrical circuits.
Besides that, h-BN also possesses high thermal and mechanical resistance [23], which would be
useful for protecting the stacked layers of the conjugated materials.
Another class of layered materials is transition metal dichalcogenides (TMD). [24, 25, 26] These
materials have stoichiometry MX2, where M is a transition metal and X is a chalcogen[27], as shown
in Figure 1.2b. The properties that a determined TMD possess are very specific to the selected
metal and chalcogen, due to the wide range of distinct structures that can be combined. For this
reason, current research address both the synthesis of pristine as well as all the possible alloys
between different transition metals and chalcogenides.[28, 29, 30]
This variety of structures promotes device fabrication in different areas. Field-effect transistors
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(a)
(b)
Figure 1.2: (a) Monolayer hexagonal boron nitride and (b) the general structure of a transitions
metal dichalcogenide.
were made using WSe2, showing a carrier mobility of about 500 𝑐𝑚2 ·𝑉 −1 ·𝑠−1 at room temperature
and presenting almost no change in hole conduction after bending the device.[31] Heterostructures
composed of InSe2/MoS2 shown tunable light-harvesting[32] properties dependent on the choice of
substrate and thickness of the structure produced. A nanocomposite consisting of MoS2 decorated
with gold nanoparticles was efficiently used to simultaneously detect dopamine, uric and ascorbic
acids, a procedure very difficult to achieve due to the inherent interference between the oxidation
potentials of the molecules.[33]
1.2 Wetting properties
Wetting behavior is among the properties that are important to characterize in layered ma-
terials. The degree of wetting, or wettability, measures how well a determined liquid is attached
to a surface.[34] Much of the research in materials science focuses in the development of devices
where the degree of wetting must be taken in consideration. One important area that relies on
wetting is ink-jet printing. In this case, determination of wetting properties is necessary in order
to accurately form droplets of uniform sizes, as well as to manipulate different types of liquids
using the same equipment.[35, 36, 37] Other applications that make use of information about the
wetting properties of surfaces are spray cooling, anti-icing and self-cleaning.
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(a) (b)
Figure 1.3: Schematic of a (a) hydrophobic and (b) a hydrophilic surface with their ranges of
contact angle values.
The common method utilized to determine the wettability of a system is by contact angle (CA)
measurements.[34] On the macroscale, this angle is usually obtained in experiments by placing a
droplet of determined liquid on top of the surface with a syringe, and then measuring the angle
using a goniometer. On the micro and nanoscales, the measurement is only possible using more
advanced optical techniques, by indirect measures, or directly by probe scanning.
The CA can be derived from the relations between the surface tensions related to a drop at
equilibrium on a surface (Figure 1.3):
𝛾𝑙𝑣 cos𝜃 = 𝛾𝑠𝑣−𝛾𝑠𝑙 ,
cos𝜃 = 𝛾𝑠𝑣−𝛾𝑠𝑙
𝛾𝑙𝑣
,
(1.2.1)
where 𝛾𝑠𝑣, 𝛾𝑠𝑙 and 𝛾𝑙𝑣 are the surface energies corresponding to the solid-vapor, solid-liquid and
liquid-vapor interfaces, respectively, and 𝜃 is the CA. The vapor terms are substituted by vacuum
in nanoscopic systems, specially in atomistic simulations.
Image processing software can also be used to obtain the CA. In this case, the identification
of the liquid-vapor interface is made from a photo of the droplet deposited on the surface. This
provides the location of the triphasic point, where vapor, liquid and solid meet. Tracing the tangent
line from the point at the liquid profile, the angle is then obtained (Figure 1.3). When the value
for the angle is greater than 90∘ the surface is considered to be hydrophobic (Figure 1.3a); when is
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smaller than 90∘ (Figure 1.3b), hydrophilic.[38] Usually, metallic and ceramic surfaces are highly
hydrophilic, while many polymers exhibit a hydrophobic character. The terms superhydrophobic
and superhydrophilic are utilized to describe surfaces where the CA almost reaches the extreme
limits of 180∘ and 0∘, respectively.
CAs can be static or dynamic. Static CAs are measured when the droplet is deposited on the
surface and the triphasic point does not move. When this point moves, the dynamic CA can be
measured, either as it advances or recedes. The advancing and receding CA gives the maximum
and minimum values that the static CA can achieve on the surface. The hysteresis of the CA is
the difference between advancing and receding CA values of a surface.
With the continued miniaturization of devices, the study of interactions of minute portions of
liquids (nanofluidics) with surfaces becomes increasingly important. The behavior and associated
phenomena of liquids at nanoscale can be very different from their macro and microscale counter-
parts.[39] Lab-on-a-chip devices, for example, are miniaturized systems assembled to perform low
cost, rapid diagnosis.[40] How water or bodily fluids interact with the many intricate parts of such
devices plays an important role in their efficiency.
An important subarea in fluid dynamics is the impact of droplets on surfaces.[41, 42, 43, 44,
45] Besides being an interesting phenomenon observed during rain or in turbines of airplanes, it
also has practical applications, such as the study of droplet dynamics filled with macromolecules.
The droplets provide a protective environment for the encapsulated macromolecules that will
be posteriorly analyzed by mass spectrometry. Impact on a surface extracts the solute without
destroying it. Furthermore, the spreading of the droplets is altered in the presence of solute,
generating new patterns of spreading.[46, 47] One of the techniques for achieving this is the Impact
Desolvation of Electrosprayed Microdroplets (IDEM).[48] In this method the macromolecule is first
solvated in a microdroplet, then the droplet is collided at high velocities (in the range of 0.5 to 5
km/s).[48, 49]
The study of the interactions of fluids with surfaces by atomistic simulations is usually done
to understand at the atomic level how the interaction between the atoms of the solid material and
the liquid affects the wettability. [50, 51, 52, 53, 54] For example, a surface with intercalating
gold and silver stripes was used to show that different droplet behavior occurs for such patterned
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surfaces when compared to the two pristine surfaces (gold or silver) in isolation (since gold has
lower CA than silver).[52] The ripples on graphene make water droplets diffuse between twice or
three times the rate of self-diffusion of the liquid.[55] Diffusion can also be affected when the 2D
material is strained.[56]
1.3 Mechanical properties
The strain and bending of 2D materials are another important area for characterization in these
nanomaterials. The understanding and characterization of the mechanical behavior of layered
materials is ongoing because the properties of layered materials are considerably different from the
properties of their bulk counterparts. For example, an increase in the Young modulus is usually
observed when the stacked layers of a bulk material are reduced to the single layer form: a single
layer of MoS2 has Young modulus of 270 GPa while bulk has 238 GPa.[57] How the interlayer
interactions, defects and substitutional atoms affect the mechanical properties are of great interest
to the applications of these materials.
Usually, the mechanical properties of 2D materials have to be measured by depositing the layer
in a patterned substrate and then bending the suspended layer with an AFM tip.[58] Another
procedure consists of clamping the extremities of a flexible substrate like PMMA (Poly(methyl
methacrylate)) upon which the 2D material was deposited, and then using an indenter to provide
the strain at the atomic scale[59], as can be seen on the schematic of Figure 1.4a
The tips of nanoprobes can also be used to deform and, depending on the force applied, can even
cause precise ruptures of the material or can detach layer by layer of the structure (Figure 1.4b.
Even though these experiments gather much important data, an atomic-level understanding is
hard to achieve. Thus, atomistic simulations like molecular dynamics are useful for understanding
how the different combinations of materials (when considering heterostructures) affect the overall
dynamics of a given system.
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(a) (b)
Figure 1.4: Schematics of two procedures to study the mechanical properties of layered materials.
(a) Bending by a ball indenter and (b) scratch of surface by probe tip.
1.4 Molecular Dynamics Simulations
Molecular dynamics simulations integrate Newton’s equations of motion over time to determine
the evolution of a system. During calculation, various data, including positions, velocities, energies
and forces, are stored. Various properties can then be obtained from these data: energetic and
structural profiles, grain boundary structure and sliding, radial distribution function, crack growth
and fast fracture, nanoindentation, propagation of shock wave, etc. [60]. One of the core concepts
in molecular dynamics is the Born-Oppenheimer Approximation.
Born-Oppenheimer Approximation
The time-dependent Schrödinger equation describes in the most complete and exact way a
system of atoms: [61]
𝐻𝜒(𝑥𝑒𝑙,𝑟, 𝑡) = 𝑖ℎ¯𝜕𝜒
𝜕𝑡
, (1.4.1)
where 𝜒 is the time-dependent wave function, 𝑥𝑒𝑙 are the coordinates of the N electrons, 𝐻 is the
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Hamiltonian and 𝑟 are the coordinates of the nuclei. The full form of the Hamiltonian 𝐻𝜒 is:
𝐻 = 𝑈𝑒𝑒(𝑥𝑒𝑙)+𝑈𝑍𝑍(𝑟)+𝑈𝑒𝑍(𝑥𝑒𝑙,𝑟)−
𝑁𝑒𝑙∑︁
𝑖=1
ℎ¯2∇2𝑖
2𝑚𝑒𝑙 −
𝑁∑︁
𝛼=1
ℎ¯2∇2𝛼
2𝑚𝛼 , (1.4.2)
where 𝑈𝑒𝑒, 𝑈𝑍𝑍 and 𝑈𝑒𝑍 are respectively the electron-electron, nucleus-nucleus and electron-
nucleus potential energies. The two last terms are the kinetic energies of electrons and nucleus,
respectively.
The mass of a proton is considerably larger than the mass of an electron (𝑚𝑝/𝑚𝑒=1840). With
this in mind, we can decouple the electronic movement from the nuclear movement. Therefore, we
get:
𝜒(𝑥𝑒𝑙,𝑟, 𝑡) = 𝜓𝑒𝑙(𝑥𝑒𝑙,𝑟)𝜓𝑛𝑢𝑐(𝑟, 𝑡) . (1.4.3)
Applying the Hamiltonian of 1.4.2 to 1.4.3 we obtain:
−ℎ¯2
2
[︂𝑁𝑒𝑙∑︁
𝑖=1
𝜓𝑛𝑢𝑐∇2𝑖𝜓𝑒𝑙
𝑚𝑒𝑙
+
𝑁∑︁
𝛼=1
𝜓𝑛𝑢𝑐∇2𝛼𝜓𝑒𝑙
𝑚𝛼
+
𝑁∑︁
𝛼=1
2∇𝛼𝜓𝑒𝑙∇𝛼𝜓𝑛𝑢𝑐
𝑚𝛼
+
𝑁∑︁
𝛼=1
𝜓𝑒𝑙∇2𝛼𝜓𝑛𝑢𝑐
𝑚𝛼
]︂
+(𝑈𝑒𝑒+𝑈𝑍𝑍 +𝑈𝑒𝑍)𝜓𝑒𝑙𝜓𝑛𝑢𝑐 = 𝑖ℎ¯𝜓𝑒𝑙𝜕𝜓
𝑛𝑢𝑐
𝜕𝑡
.
(1.4.4)
Looking at this expression, we can promptly neglect the second term in comparison with the
first, with the same justification of the mass of protons being larger than the mass of electrons.
Note that the latter simplification assumes that the gradients on nuclei and electrons on the
numerator have similar magnitude. Because the approximation assumes that the electron waves
are at a minimum, being a function of the nuclei positions, we can also remove the third term from
Equation 1.4.4. The resulting expression is:
−ℎ¯2
2
[︂
𝜓𝑛𝑢𝑐
𝑁𝑒𝑙∑︁
𝑖=1
∇2𝑖𝜓𝑒𝑙
𝑚𝑒𝑙
+𝜓𝑒𝑙
𝑁∑︁
𝛼=1
∇2𝛼𝜓𝑛𝑢𝑐
𝑚𝛼
]︂
+
(𝑈𝑒𝑒+𝑈𝑍𝑍 +𝑈𝑒𝑍)𝜓𝑒𝑙𝜓𝑛𝑢𝑐 = 𝑖ℎ¯𝜓𝑒𝑙𝜕𝜓
𝑛𝑢𝑐
𝜕𝑡
.
(1.4.5)
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The instantaneous response signifies that electron’s movement is not directly dependent of time,
while nuclei is still time dependent.[61] With this we can write a time-independent Schrödinger
equation for the electrons:
−ℎ¯2
2𝑚𝑒𝑙
𝑁𝑒𝑙∑︁
𝑖=1
∇2𝑖𝜓𝑒𝑙+(𝑈𝑒𝑍 +𝑈𝑒𝑒)𝜓𝑒𝑙 = 𝜖𝜓𝑒𝑙 . (1.4.6)
Rearranging 1.4.5 with 1.4.6:
−ℎ¯2
2
𝑁∑︁
𝛼=1
∇2𝛼𝜓𝑛𝑢𝑐
𝑚𝛼
+(𝑈𝑍𝑍(𝑟)+ 𝜖0(𝑟))𝜓𝑛𝑢𝑐 = 𝑖ℎ¯
𝜕𝜓𝑛𝑢𝑐
𝜕𝑡
. (1.4.7)
We obtain a time-dependent Schrödinger equation for the nuclei. Assign the term in parenthesis
of 1.4.7 as:
𝑈(𝑟) = 𝑈𝑍𝑍(𝑟)+ 𝜖0(𝑟) . (1.4.8)
We get a term that resembles a potential field. In molecular dynamics this is called a classical
interatomic potential. This interatomic potential can be thought as a sum of the nuclei potential
energy and the overall effect that the electronic cloud has on the nuclei.
The balance between attraction and repulsion when atoms are closer to each other is determined
by this interatomic potential. The tendency of these atoms is to approach a minimum in potential
energy, reaching an equilibrium state. The sum of all the forces, 𝐹 , actuating in an atom is:
𝐹 = 𝑑𝑝
𝑑𝑡
=𝑚𝑑𝑣
𝑑𝑡
=𝑚𝑑
2𝑟
𝑑𝑡2
=𝑚 ·𝑎 , (1.4.9)
where 𝑎 is the acceleration of the particle, 𝑣 is the velocity, 𝑡 is the time, 𝑟 is the position and 𝑝 is
the momentum. If the total energy 𝐸 is constant throughout time (𝑑𝐸/𝑑𝑡= 0), which is the case
for an isolated system in molecular dynamics, 𝐹 is related to the negative gradient of the potential
related to the position:
𝐹 =−∇𝑈 . (1.4.10)
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Therefore, if the potential of a system is described by a function of the interatomic distances,
we can calculate the forces on the atoms and integrate Newton’s equations to acquire the temporal
evolution of the system. As show in Figure 1.5, starting from the initial configuration of the system
(coordinates and/or velocities), we compute the interatomic potential and forces. Thus, the system
evolves by an increment of time, usually in the order of femtoseconds. The dynamics continue until
key properties of the system (like potential energy, temperature) are stabilized. The acquisition of
data is done in sequence and the coordinates, velocities and forces are stored with high frequency in
files, to compute other properties of interest. The simulated time varies depending on the specific
phenomena that is being studied, but can go from a few picoseconds to microseconds.
Figure 1.5: Diagram of the usual procedure to perform molecular dynamics simulations.
Interatomic Potentials
Interatomic potentials for specific systems are generated by fitting certain functions with pa-
rameters determined from experimental data, or with calculated data from first-principles methods.
The experimental data used for fitting includes equilibrium lattice parameter, cohesive energy, bulk
modulus, elastic modulus, vibration spectrum, surface energy, among others. [60]
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Pair potentials
In the 1920s, Lennard-Jones [62] developed a potential to describe interactions between noble
gases. It possesses only two parameters, 𝜖 and 𝜎, which consider only two-atom interactions and
neglects all others. A typical form of the potential is:
𝑈𝐿𝐽(𝑟) = 4𝜖
[︂(︂
𝜎
𝑟
)︂12
−
(︂
𝜎
𝑟
)︂6]︂
, (1.4.11)
where 𝜖 is the lowest energy of the potential curve and 𝜎 is the finite interatomic distance at which
the potential equals zero. Even though the original purpose of this potential was to study noble
gases, it is still used today in conjunction with more complex models to describe the interaction
of non-bonded atoms, being an approximation for van der Waals interactions.
Three-Body Potentials
The area of molecular dynamics began to grow steadly when the first computers arrived in
laboratories in the 1950s. However, in the 1980s, perhaps due to the increasing popularity of
the desktop computer, many interatomic potentials began to be developed. One example is the
Stillinger-Weber potential, where the analytic function is shown in equation 1.4.12. In this model,
the covalent interactions between atoms are considered by a two-body term for bonds between
two atoms, and by a three-body term for the interactions of three atoms (angles).[61] Due to its
relatively simple form, it is still used today to model and simulate materials in large systems.
𝐸 =
∑︁
𝑖
∑︁
𝑗>𝑖
𝜑2(𝑟𝑖𝑗)+
∑︁
𝑖
∑︁
𝑗 ̸=𝑖
∑︁
𝑘>𝑗
𝜑𝑒(𝑟𝑖𝑗 , 𝑟𝑖𝑘, 𝜃𝑖𝑗𝑘),
𝜑2(𝑟𝑖𝑗) = 𝐴𝑖𝑗𝜖𝑖𝑗
[︂
𝐵𝑖𝑗
(︂
𝜎𝑖𝑗
𝑟𝑖𝑗
)︂𝑝𝑖𝑗 −(︂𝜎𝑖𝑗
𝑟𝑖𝑗
)︂𝑞𝑖𝑗]︂
exp
(︂
𝜎𝑖𝑗
𝑟𝑖𝑗−𝑎𝑖𝑗𝜎𝑖𝑗
)︂
,
𝜑3(𝑟𝑖𝑗 , 𝑟𝑖𝑘, 𝜃𝑖𝑗𝑘) = 𝜆𝑖𝑗𝑘𝜖𝑖𝑗𝑘[cos𝜃𝑖𝑗𝑘− cos𝜃0𝑖𝑗𝑘 ]2 exp
(︂
𝛾𝑖𝑗𝜎𝑖𝑗
𝑟𝑖𝑗−𝑎𝑖𝑗𝜎𝑖𝑗
)︂
exp
(︂
𝛾𝑖𝑘𝜎𝑖𝑘
𝑟𝑖𝑘−𝑎𝑖𝑘𝜎𝑖𝑘
)︂
,
(1.4.12)
where 𝜑2 is the two-body term and 𝜑3 the three-body term. The summations are over all neighbors
𝑗 and 𝑘 of atom 𝑖 within a cutoff distance of 𝑎 *𝜎. This set of functions gives a potential with
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seven free parameters.[61]
CHARMM and AMBER potentials
Another potential that was developed in the 1980s was CHARMM[63]; later on, in 2003, a
potential with a similar analytical form called AMBER was developed. [64] These interatomic
potentials are used primarily in biological systems, as they facilitate the parametrization of amino
acids and lipids. The software that accompanies these potentials came with a lengthy list of
predetermined parameters for many of the fragments of the biological compounds. Bonds between
two atoms and the angle variation between three atoms are described by harmonic functions:
𝑉𝐵 = 𝑘𝑖𝑗(𝑟𝑖𝑗− 𝑟0)2 , (1.4.13)
𝑉𝐴 = 𝑘𝑖𝑗𝑘(𝜃𝑖𝑗− 𝜃0)2 . (1.4.14)
For interactions based on four atoms, there are terms describing the dihedral angles and torsion
out-of-plane. For atoms not bonded to each other, Lennard-Jones types of interactions are used.
Coulomb interactions are calculate between the atoms as well.
𝑉𝐷 = 𝑘𝑖𝑗𝑘𝑙(1+cos(𝑛𝑖𝑗𝑘𝑙𝜑𝑖𝑗𝑘𝑙−𝜑0) , (1.4.15)
𝑉𝐼 = 𝑘𝑖𝑗𝑘𝑙(𝜑𝑖𝑗𝑘𝑙−𝜑0)2 , (1.4.16)
𝑉𝐿𝐽(𝑟) = 4𝜖
[︂(︂
𝜎
𝑟
)︂12
−
(︂
𝜎
𝑟
)︂6]︂
, (1.4.17)
𝑉𝐸 =
𝑞𝑖𝑞𝑗
4𝜋𝜖0𝜖𝑅𝑟𝑖𝑗
. (1.4.18)
Bond Order Potentials
Potentials that consider the bond-order between atoms are capable of simulating chemical reac-
tions in a different manner. One of the first models to accomplish this was the Tersoff potential[65]
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in 1988. The basic format is:
𝑉 𝑅𝐸𝐵𝑂𝑖𝑗 = 𝑉 𝑅𝑖𝑗 (𝑟𝑖𝑗)+ 𝑏𝑖𝑗𝑉 𝐴𝑖𝑗 (𝑟𝑖𝑗) . (1.4.19)
This expression has a repulsion term between pairs of atoms (𝑉 𝑅𝑖𝑗 (𝑟𝑖𝑗)) and an attraction term
(𝑉 𝐴𝑖𝑗 (𝑟𝑖𝑗)) with a parameter 𝑏 (a hallmark of this type of potential). Parameter 𝑏 modifies the
bond-order depending on the coordination of a determined atom.
Another potential of the same type as Tersoff is the AIREBO potential. [66] The special
characteristic of this potential is the addition of an adaptive term for non-bonded atoms and a
torsion term.
𝑉 = 12
∑︁
𝑖
∑︁
𝑗 ̸=𝑖
[𝑉 𝑅𝐸𝐵𝑂𝑖𝑗 +𝑉 𝐿𝐽𝑖𝑗 +
∑︁
𝑘 ̸=𝑖,𝑗
∑︁
𝑙 ̸=𝑖,𝑗,𝑘
𝑉 𝑇𝑂𝑅𝑆𝐼𝑂𝑁𝑘𝑖𝑗𝑙 ] , (1.4.20)
where 𝑉 𝑅𝐸𝐵𝑂𝑖𝑗 is the Tersoff-like potential, 𝑉 𝐿𝐽𝑖𝑗 is the adaptive term for non-bonded atoms and
𝑉 𝑇𝑂𝑅𝑆𝐼𝑂𝑁𝑘𝑖𝑗𝑙 is the torsion term. It is widely used today due to its low computational cost and
detailed description of the properties of carbon materials.
Lastly, we have the ReaxFF potential. [67, 68] This potential also considers the bond-order
between atoms as the principal characteristic for calculating the potential energy of a system. It
is relatively more complex than the previous models shown, having a total of 93 parameters for a
C-H system, and charge equilibration through the QEq method.[69] The expression of ReaxFF is:
𝑉 = 𝑉 𝑏𝑜𝑛𝑑+𝑉 𝑜𝑣𝑒𝑟+𝑉 𝑢𝑛𝑑𝑒𝑟+𝑉 𝑣𝑎𝑙+𝑉 𝑝𝑒𝑛+𝑉 𝑡𝑜𝑟𝑠+𝑉 𝑣𝑑𝑊𝑎𝑎𝑙𝑠+𝑉 𝐶𝑜𝑢𝑙+𝑉 𝑐𝑜𝑛𝑗 . (1.4.21)
Each one of these terms is related to an empirical form with values to be determined for each
specific systems of atoms. The first term, for example, is the interaction between pair of atoms,
subsequently with their corrections, 𝑉 𝑜𝑣𝑒𝑟 and 𝑉 𝑢𝑛𝑑𝑒𝑟, for over and under-coordination of atoms,
respectively. 𝑉 𝑣𝑎𝑙 is a three-body potential, 𝑉 𝑝𝑒𝑛 is a correction related to bond-angle energy and
𝑉 𝑡𝑜𝑟𝑠 is a four-body potential. In a similar fashion as other interatomic potentials, van der Waals
and Coulombic interactions are also considered (𝑉 𝑣𝑑𝑊𝑎𝑎𝑙𝑠 and 𝑉 𝐶𝑜𝑢𝑙). 𝑉 𝑐𝑜𝑛𝑗 describes conjugated
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bonds. [61]
In this thesis, I will show how atomistic simulations can be used to understand a diverse set of
problems in materials science. The first chapter will deal with the wettability of surfaces of carbon-
based nanomaterials as well as droplet impact on these surfaces. The second chapter presents a
series of works on the mechanical properties of multilayered, vertical and in-plane heterostructures
of transition metal dichalcogenides. Finally, in the conclusion I will remark on these two areas of
research.
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2. Wetting Properties of 2D Materials
In this chapter I will present five works concerning the interaction of water nanodroplets with
the surfaces of carbon-based nanomaterials. Section 2.1 illustrates our first approach to the problem
of nanodroplets impacting on the surface of graphene, fixed to emulate a rigid substrate effect.
There we were able to describe how the contact angle (CA) changed during maximum spreading
as the velocity of impact of the droplet was increase, showing lower CAs for higher velocities.
Section 2.2 examines graphene again, but in this case the setup is of a suspended membrane and
only with its borders restrained. A thorough analysis of droplet structure and energies was made,
considering two set of parameters for the carbon-water interactions. This comparison study was
necessary in order to address a main property of graphene that still lacks unique determination,
its wettability. Hence, one parametrization models graphene with a more hydrophilic behavior,
in accordance to results from the latest research on its wettability, while the another parameters
set describes the CA originally assumed for graphene (less hydrophilic), which originated from a
comparison with graphite.
Graphdiyne membranes are then studied in section 2.3, using similar protocols as the ones
to study graphene. In this case, we used the ReaxFF force field to enable description of the
sp-sp2 hybridization of the layer. We observed that water droplets permeate graphydine pores
when shot at considerably high velocities, even with a large amount of ripples on the structure
of the monolayer. In section 2.4 the permeation of water nanodroplets on another system was
studied in which nanopores in the structure of a carbon nanoforest were modeled and different
functionalization (specifically hydrogenation and hydroxilation) were considered.
In section 2.5 we studied the effect of functionalization in another system, 3D graphene. In the
real experiments, graphene funcionalized with OH or COOH groups were mechanically grinded
together to form the structure of 3D graphene. There was a noticeable change on the CA of
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the material in relation to the reactants. The G-COOH and G-OH (the reactants) displayed
hydrophilic behaviour (contact angles of 28° and 33° respectively), whereas a more hydrophobic
behavior (contact angle of 74°) was presented by the final material. To shed light on the morphology
of the reactants and final material as well as to determine the aspects of the wettability change, I
performed molecular dynamics of model systems of the structures analyzed in the real experiments.
I modeled the systems as a pristine bilayer graphene, as well as functionalized with OH. By changing
the spacing between the layers in both configurations, I was able to show that the morphology
obtained experimentally consisted of pillared flakes of graphene with intercalated in-plane spacings.
The lower CAs in the reactants as well as the higher CAs of the products are independent of the
spacing between sheets. This change of CA from a more hydrophilic (16°) to a more hydrophobic
(74°) behavior leads us to the assumption that during the compression procedure the COOH and
OH groups, located between the sheets of the reactants, are removed and the final product is
constituted only of carbon atoms.
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2.1 Nanodroplets Impacting on Graphene
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ABSTRACT 
 
The unique and remarkable properties of graphene can be exploited as the basis to a wide 
range of applications. However, in spite of years of investigations there are some important 
graphene properties that are not still fully understood, as for example, its wettability. There are 
controversial reported results whether graphene is really hydrophobic or hydrophilic. In order to 
address this problem we have carried out classical molecular dynamics simulations of water 
nanodroplets shot against graphene surface. Our results show that the contact angle values 
between the nanodroplets and graphene surfaces depend on the initial droplet velocity value and 
these angles can change from 86º (hydrophobic) to 35º (hydrophilic). Our preliminary results 
indicate that the graphene wettability can be dependent on spreading liquid dynamics and which 
can explain some of the apparent inconsistencies reported in the literature.  
 
 
INTRODUCTION 
 
 Graphene is one of the most studied nanomaterials [1–4] due to its unique structural, 
electronic, thermodynamic and mechanical properties [5–9], which can be exploited in many 
different applications. In spite of the large number of theoretical and experimental works on 
graphene, there are still some aspects that are not fully understood. One example is its wettability 
[10–12]. Many experimental [13–15] and theoretical [16–18] works have been carried out to 
determine if indeed graphene is a hydrophobic or a hydrophilic material. 
Recently [19], it was reported that graphene is hydrophobic based on the observed low 
adhesion work between graphene and some liquids. More recent works claimed that the observed 
hydrophobicity behavior is in fact due to contamination by hydrocarbons present in the interface 
liquid/graphene and that for clean graphene surfaces the expected hydrophilic behavior is 
recovered [14,17]. Graphene wettability has been a hotly debated issue, been even object of a 
recent Nature Materials editorial [20]. Thus, more works are necessary to help clarifying this 
important issue. One point to be considered is whether the wettability behavior could be 
dependent on some experimental/model set up conditions, e.g., droplet features (shape, size and 
impact velocity values, etc.). In order to address some of these aspects we have carried out 
classical molecular dynamics (MD) simulations of water nanodroplets shot against graphene 
targets at different conditions. We then measure the contact angle value of the spread droplet to 
determine whether a relationship between the graphene wettability and nanodroplet velocity 
values exist. 
 
 
THEORY 
 
MRS Advances © 2016 Materials Research Society
DOI: 10.1557/adv.2016.221
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 The MD simulations were carried out using classical force fields, as implemented in 
LAMMPS package [21]. Our systems consist of graphene membranes with dimensions of 200 x 
200 Å2 and water droplets containing 5000 molecules, initially placed at 27 Å above the center 
of the membranes. The droplets were initially equilibrated during 100 ps by a Nosé-Hoover 
thermostat [22]. After thermal equilibration the droplets are shot against the graphene surface at 
different initial velocities: 0, 30, 100, 250, 500, 750 and 1000 m/s. This velocity range was 
chosen because it can be experimentally realized [23] and were also used in many theoretical 
works [24–28]. They represent extreme cases up to the point of droplet fragmentation. During 
the impact simulations the system is evolved using microcanonical ensemble (NVE), with time 
steps of 0.02 fs. For the case of simple deposition (v=0 m/s), the droplet was just placed in 
contact with the surface and let to freely evolve in time. The electrostatic interactions were 
calculated using the Particle-Particle-Particle-Mesh method [29]. The SPC/E model [30] was 
used for water and the carbon atoms were kept frozen during all simulation, in order to avoid 
spurious effects due to thermal membrane fluctuations. The Lennard-Jones potentials for the 
interaction between the carbon and water were εC-O=0.392 kJ/mol, σC-O=3.19 Å, εC-H=0 kJ/mol, 
σC-H=0 Å [30].  
 After droplets impacts the systems were evolved for more 5 ns to ensure the 
thermalization of the final configuration. The density distribution of the final drop is obtained by 
dividing the simulation cell into boxes of dimensions 0.5 x 0.5 x 200 Å3. The density was 
calculated considering a time spam of 400 ps. 
 
 
DISCUSSION 
 
 For all the cases considered here the droplets assumed a hemispherical-like shape after 
equilibrations, as illustrated in Figure 1. The aspect ratio depends on the velocity values. More 
specifically, the drop height decreases and the interface area increases as the impact velocity 
increases. 
 
 
Figure 1. Examples of the obtained final droplet configurations for velocity values of: 0, 30, 
250, and 750 m/s, respectively.  
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 For the velocity of 30 m/s, the droplet almost did not spread on the surface. However, for 
intermediate velocity values of 100, 250 and 500 m/s we observed a significant spreading and for 
the highest velocities (750 and 1000 m/s) the droplets are spread almost over all the surface and 
then contract again, as illustrated in Figure 2. 
 
 
Figure 2. Snapshots from MD simulations showing the droplet time evolution impact for the 
case of velocity of1000 m/s. The droplet largely spreads on the surface (t=16ps) and then retracts 
again (t=60 and 96ps), assuming a hemispherical shape in the final configuration. 
 
 The final different droplet shapes, which is dependent on the initial velocity values, 
results of the interplay between elastic and/or internal forces of the droplet and the van der Waals 
interactions between liquid and the solid surface. The droplet kinetic energy contributes to spread 
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it, while van der Waals and internal forces oppose the spreading. As the spread process stops, the 
liquid cohesive forces pull back the water molecules. Even then, the surface-liquid interaction is 
significant, decreasing the contact angle of the drop, as discussed below. 
 The droplet density profiles (Figure 3) provide information about how the water 
molecules are distributed along the z direction. Near the surface the density of molecules is 
larger, where it is possible to identify the first and second solvation layers. Because of these large 
fluctuations on density near the surface, we do not consider these regions in the calculation of the 
contact angles [30]. For clarity the density maps (Figure 3) are shown starting from 30 Å above 
the surfaces. 
 
   
Figure 3. Density maps of configurations for the cases of 0 (deposition), 30, 250 and 750 m/s, 
respectively. The color bar is in kg/m3. 
 
 The density maps (Figure 3) show that in the middle of the drops the density is close to 
the bulk of water (1 kg/m3) and on the its borders, this density decreases. When the density is 0.1 
kg/m3 we consider it to be the liquid-air interface [30].  
Using the data obtained from Figure 3, the contact angle (CA) can be determined from 
curve fitting using standard procedures (for details about these procedures see [30]). The CA 
results are presented in Figure 5. We can see from this Figure that the CA value decreases as the 
impact velocity value increases.  
For a simple drop surface deposition (v=0 m/s), the CA yields its highest value, around 
87º (Figure 5), characteristic of a hydrophobic behavior. This is in agreement with a previous 
work reported in the literature [30]. As the angle is less than 90º, this hydrophobicity character is 
not very strong.  
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As the initial velocity is increased the CA values decrease (Figure 4). For a velocity of 30 
m/s, the obtained CA is around 68º and for an extreme case of supersonic velocity (1000 m/s) the 
CA can be as small as 35º. These decreases on the contact angle values, as the velocities get 
higher, can be attributed to the interactions between the water molecules and carbon atoms and 
the consequently reduced retracting capability. The van der Waals interaction between carbon 
and water affects the maximum possible spreading, as well as, the amount of retraction that the 
droplets can experience in each case. 
 
 
Figure 4. Contact angle values as a function of the droplet impact velocity values. 
 
 
CONCLUSIONS  
 
We have investigated the structural and dynamical aspects of water nanodroplets shot 
against graphene membranes. In particular, we investigated the dependence on the contact angle 
between water droplets with the impact velocity values.  
Our results show the graphene wettability can change from hydrophobic for hydrophilic 
depending on the impact droplet velocity. These results can explain some conflicting results 
reported in the literature about whether graphene is really hydrophobic or hydrophilic. Further 
investigations are necessary to establish the validity of our conclusions over other experimental 
conditions (droplet size, velocities, graphene quality, etc.) 
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2.2 Spreading Patterns of High Velocity Nanodroplets Im-
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Abstract
The determination of the wettability of 2D materials is an area of intensive
research, as it is decisive on the applications of these systems in nanofluidics.
One important part of the wetting characterization is how the spreading of
droplets impacting on the surfaces occurs. However, few works address this
problem for layered materials. Here, we report a fully atomistic molecular
dynamics study on the dynamics of impact of water nanodroplets (100 A˚ of
diameter) at high velocities (from 1 up to 15 A˚/ps) against graphene targets.
Our results show that tuning graphene wettability (through parameter changes)
significantly a↵ects the structural and dynamical aspects of the nanodroplets.
We identified three ranges of velocities with distinct characteristics, from simple
deposition of the droplet to spreading with rebound, and finally droplet frag-
mentation. We also identify that in an intermediary velocity of 7 A˚/ps, the
pattern of spreading critically changes, due to formation of voids on droplet
structure. These voids a↵ect in a detrimental way the droplet spreading on the
less hydrophilic surface, as it takes more time to the droplet recover from the
spreading and to return to a semi-spherical configuration. When the velocity is
increased to values larger than 11 A˚/ps, the droplet fragments, which reveals
the maximum possible spreading.
Keywords: Nanodroplets, impact, graphene, molecular dynamics, water,
⇤Corresponding author
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contact angle
1. Introduction
Graphene is one of the most important nanomaterials and it has been ex-
tensively studied [1, 2, 3, 4] since its experimental realization.[5] Many of its
properties, such as structural, electronic, thermodynamic, and mechanical [6,
7, 8, 9, 10] are already well understood and have been exploited in many dif-
ferent applications. However, in spite of the large number of theoretical and
experimental works on graphene, there are still some aspects lacking better
understanding. One example is its wettability.[11, 12, 13, 14]
Experimental works [15, 16, 17, 18] tried to determine whether the degree
of wettability of graphene is dependent on the substrate, number of layers [19]
and/or contaminants. [16, 20] It was shown [21] that graphene has only a
low adhesion work with liquids like water, formamide, glycerol, among others.
A droplet contact angle of 127o for the interaction graphene-water, showing
that graphene is hydrophobic, was obtained experimentally. [21] However, later
works challenged this interpretation arguing that the hydrophobicity was in fact
due to contamination by hydrocarbons in the air. [16, 20] When graphene is
synthesized in a high vacuum environment, the contact angle is much smaller
[16] (as low as 37o). This same work [16] also reported that the hydrophilicity
character could be obtained even for graphene exposed to air, but only to a few
hours.
Alongside experiments, computational works also studied interactions of liq-
uids with graphene. The determination of parameters that best describe the
interaction between the solid and the liquid [22, 23, 24] is one of the areas ex-
plored by simulations, usually using nanodroplets. Regarding this matter, one
of the most used set of parameters for graphitic-carbon and water is the work
from reference, [25] which gives a contact angle of about 86o for graphene. This
early study was carried out assuming graphene had a more hydrophobic char-
acter (the discussion about hydrocarbon contaminants started only a few years
2
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later). However, a more recent work [23] took into account these contaminations
and parameterized the graphene-water interaction with a set of parameters to
best fit a hydrophilic character (contact angle around 40o) for graphene. Be-
sides parameterizations, works involving wettability of graphene usually focus
on e↵ects of substrate, [19, 26] di↵usion of liquid on surface, [27, 28] magnetic
fields [29] and morphology e↵ects. [30, 31]
Despite the large amount of works studying graphene, for the best of our
knowledge no study of the dynamics of impact of high speed nanodroplets on
a mobile membrane, (here considered graphene) has ever been done. Droplet
impacts on surfaces is an area of nanofluidics that has been studied over a
century, [32] not only because of its fundamental science but also due to its
applications in industry, such as inkjet printing, high-pressure spray cleaning,
droplet interactions in engines and plasma spraying. [33, 34, 35, 36] Some of
these applications consider droplets impacting the surface at relatively high
velocities [37, 38] (in the order of 1 A˚/ps). Besides that, droplets at even higher
velocities (from 5 to 40 A˚/ps) can be shot against substrates by the technique
of impact desolvation of electrosprayed microdroplets, [39, 40] which is used to
dissolve proteins contained in those droplets.
Few computational studies addressed the impact of droplets on surfaces at
this range of high velocities. [41, 42, 43, 44, 45, 46, 47, 48] Understanding how
water droplets impact on a single layer of graphene is of utmost importance for
the applications of this nanomaterial, as well as, to better understand the hy-
drophilic/hydrophobic behavior of layered materials. However, a detailed study
of how the wetting of graphene influences the nanodroplets dynamics is still
lacking for such high velocities. [44] This is the objective of the present work.
We carried out fully atomistic molecular dynamics (MD) simulations of nan-
odroplets impacting on graphene surface at di↵erent velocities (from 1 A˚/ps up
to 15 A˚/ps). Our results show that the degree of graphene wettability is of
fundamental importance to determine the maximum spreading of the droplets.
Besides that, distinct patterns of spreading result when the velocity is in the
range of 6 up to 11 A˚/ps, when structural voids destabilizes the droplet. In-
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creasing the velocity even more leads to the droplet fragmentation.
2. Computational Methods
The MD simulations were carried out with the LAMMPS code. [49] We
considered systems composed of graphene sheets (area of 500 x 500 A˚2) and
water droplets with initial diameters of 100 A˚. Each system was first equilibrated
for 1000 ps in a canonical ensemble (NVT), using a Nose´-Hoover thermostat, [50,
51] at 300 K. After that, the droplets were shot against the graphene membranes
with velocities ranging from 1 up to 15 A˚/ps (Figure 1). This velocity range
was chosen because it can be experimentally realized [39] and also because they
were used in many theoretical papers. [41, 42, 43, 44, 45, 46, 47, 48]
After the equilibration process the impact MD simulations were carried out
using a micro-canonical ensemble (NVE), for 2000 ps. As under impact there
is a fast change in the kinetic energy (thus, also temperature), the NVE is
the natural choice for studying the impact process. A time step of 1 fs was
used. The electrostatic interactions were calculated with the Particle-Particle-
Particle-Mesh method. [52] The SPC/E model [53] was used to describe the
water molecule, and for graphene the AIREBO [54] potential was used. To
simulate a droplet impact on the non-rigid graphene surface, the borders of the
monolayer (blue atoms in Figure 1) were restrained with a force of 10 kcal/mol
in all directions.
We investigated the e↵ect that graphene wettability has on droplet dynamics
by using two sets of parameters for the interactions carbon-water. The first set,
described throughout the text as ”more hydrophilic”, was obtained from refer-
ence [23] and provides a more hydrophilic behavior for graphene (equilibrium
contact angle around 40o for nanodroplets). For this model, the interaction
between carbon and water is modeled by a Lennard-Jones potential, using pa-
rameters: ✏CO = 0.0850 kcal/mol,  CO = 3.436 A˚, ✏CH = 0.0383 kcal/mol and
 CH = 2.690 A˚. The second set, described here as ”less hydrophilic”, was ob-
tained from reference [25] and provides a less hydrophilic behavior for graphene
4
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Figure 1: Initial configuration of the system consisting of a water nanodroplet shot against a
graphene membrane. Red atoms comprised the oxygen atoms (hydrogen omitted), gray atoms
the mobile carbon and blue atoms the border carbon atoms.
(equilibrium contact angle around 86o for nanodroplets). For this set the in-
teraction between carbon and water was modeled by a Lennard-Jones potential
as well, using parameters: ✏CO = 0.0937 kcal/mol,  CO = 3.19 A˚, ✏CH = 0.0
kcal/mol and  CH = 0.0 A˚.
Surface density maps of the droplets at maximum spread were obtained
dividing the simulation box into several bins of size 3 A˚ and then calculating
the density of atoms at each volume. Density maps were also used to calculate
the equilibrium contact angle of the droplets after impact, when the droplet
potential energy is stabilized. In this case, the cylindrical binning method [22]
was used to identify the vapor-liquid interface.
Finally, to identify which of the molecules belong to the droplet, excluding
the evaporated ones at each frame, we considered a cluster of atoms when the
distance between each atom was equal or smaller than 3.3 A˚. This approach
makes it possible to estimate the temporal evolution of the various droplet
properties as its diameter, density and energies.
3. Results and discussion
3.1. Structural properties
The droplets reach graphene surface in a time span of 100 ps, with the
spreading depending on the carbon-water interactions and the substantial high
5
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kinetic energy that came from the additional downward velocities. As can be
seen in the snapshots of Figure 2a, the more hydrophilic parametrization for
graphene allows the droplets to spread more at surface in comparison to the less
hydrophilic parametrization case at the same impact velocity (Figure 2b).
For velocities larger than 1 A˚/ps, as in Figure 2(c,d) for 5 A˚/ps (see also
Video 1 of Supporting Information), we noticed an intermediary state where the
droplet first spreads up to a maximum diameter on the surface and then retracts
to a smaller diameter size. We define this droplet diameter as the average of
the droplet maximum lengths along x and y coordinates (Dx and Dy in Figure
3a, respectively). The diameter that the droplet reaches at maximum spreading
increases with the velocity of impact, as can be seen in Figures 3b.
Graphene oscillates when the droplet impacts on its surface, showing higher
amplitudes at moment of impact and vanishing as the simulations continues
(Figures S1 and S2a on Supporting Information). These oscillations do not
a↵ect significantly the spreading patterns observed, as can be seen in the diam-
eter values of droplets during spreading on graphene sheets of di↵erent areas
(Figures S2b on Supporting Information). It is also interesting to notice that
the oscillation after impact dampers faster for the less hydrophilic surface. This
happens because the droplet at the less hydrophilic surface has less contact area
with graphene, and graphene oscillations a↵ect the droplet energy less than the
more hydrophilic surface, where more water molecules are into closer contact
with graphene.
The diameters are always larger for the more hydrophilic surface than the
less hydrophilic surface. The value of 11 A˚/ps is the maximum impact velocity
before the droplet fragments in the more hydrophilic surface, being 10 A˚/ps for
the less hydrophilic one. This di↵erence in spreading is due to the di↵erence in
wettability between the two surfaces. After the maximum spread, the droplets
retract, reducing their diameter contact with the surface.
It is interesting to notice that for large simulation times (equilibrated con-
figurations after impacts), the droplet spreading diameters are almost veloc-
ity independent. This is a consequence that the number of evaporated water
6
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Figure 2: Snapshots from MD trajectories of the droplet impacting on graphene surface with
di↵erent wettabilities. Impact at velocity of 1 A˚/ps on; (a) more, and; (b) less hydrophilic
surfaces. Impact at velocity of 5 A˚/ps on; (c) more, and; (d) less hydrophilic.
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molecules is not large enough to significantly a↵ect the diameter values. Also,
the final droplet contact angle keeps being determined by the degree of wet-
ting set initially for graphene. The final diameters for droplets on the more
hydrophilic surface stays around 220 A˚, and even with perturbation caused by
the impact the final contact angles values stay between 35-40o, as can be seen in
Figure 3c, in good agreement with the parametrization of reference. [23] Simi-
larly, for the less hydrophilic surface, the final droplet diameters are around 140
A˚, with equilibrium contact angles ranging between 84o-88o (Figure 3d).
Figure 3: (a) Schematics of how the droplet diameter components along x and y directions were
defined. (b) Droplet maximum diameter during spreading at di↵erent velocities. Density maps
of droplet at equilibrium (after the impact at 10 A˚/ps) on; (c) more, and; (d) less hydrophilic
graphene surfaces.
Our previous studies with rigid graphene[44] and flexible graphdiyne[45]
showed di↵erent behavior for the impact of droplets in comparison with the
ones reported here. In the case of rigid graphene, the parameters[22] used were
8
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the same as the less hydrophilic configuration of the present work and we noticed
that by making graphene flexible the maximum velocity before fragmentation
shifted from around 7-8 A˚/ps (rigid) to 10 A˚/ps (flexible). For graphdiyne we
noticed that the spreading patterns became more irregular for impact velocities
around 5 A˚/ps, but as the velocity increased further for that material the cir-
cular shape at maximum spreading was recovered. In our present work, all the
droplet impacts presented a symmetric circular spreading pattern regardless of
impact velocity. Besides that the current work also agrees well with experimen-
tal and other simulation data (Figure S3 on Supporting Information).
3.2. Energy properties
To better understand the patterns of spreading, we plot the potential energy
of the droplets for the impact velocities of 1 and 5 A˚/ps in Figure 4a and b.
For 1 A˚/ps, the energy steadily increases as the droplet is being adhered on the
surface, reaching a relatively stable energy after a few hundreds of picoseconds.
The change in energy is due to the change from a spherical droplet prior to
contact with graphene to a semi spherical droplet on top of surface (Figure
2a and b). For 5 A˚/ps impact velocity, during the spreading the potential
energy presents a pronounced peak, that decreases as the droplet reaches a
stable energy.
This abrupt change in energy occurs because the droplet changes consider-
ably its shape at maximum spreading when the velocity of impact increases.
This can be observed in the density profiles at maximum spreading for the
droplets in three di↵erent impact velocities for both parametrizations, as shown
in Figure 4c and d. At 1 A˚/ps, the droplet profiles show a well-defined first
solvation layer and the density disappears at 40 and 60 A˚ of the perpendicular
distance from graphene, respectively for the more and the less hydrophilic sur-
face. At 5 A˚/ps, the maximum spreading profiles still present the first solvation
layer, but the droplets density increases nearby graphene surface. At 10 A˚/ps,
the whole droplet is condensed at less than 20 A˚ from the graphene surface, for
both degrees of wetting.
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Figure 4: Temporal evolution of droplet potential energy per molecule for impact velocities
of (a) 1 A˚/ps and (b) 5 A˚/ps. Droplet density profile along the perpendicular direction
of graphene surface at selected impact velocities, for; (c) more, and; (d) less hydrophilic
parametrizations.
The peak in potential energy (Figure 4b) that the droplet at 5 A˚/ps reaches is
similar for both parametrizations of graphene surface, but as the impact evolves
the more hydrophilic surface maintains the droplet longer in an unstable forma-
tion than the less hydrophilic surface. This occurs because during spreading the
droplet potential energy, due only to the interactions among water molecules,
always increases at maximum spreading (Figure 5a). In the more hydrophilic
surface, this instability is more pronounced, because the droplet spreading is
wider and is more a↵ected by graphene surface. Besides that, during maximum
spreading the graphene-droplet interaction energy is stronger (Figure 5b), as
most of the molecules are closer to the surface. For a particular impact veloc-
ity, the more hydrophilic surface always presents stronger interaction with the
droplet than the less hydrophilic one.
For 5 A˚/ps and lower velocities, the droplet spreads homogeneously on the
surface, with the contact area with graphene being similar to an expanding cir-
cle. This type of spreading makes the droplet at the less hydrophilic surface to
rapidly recovers from the abrupt change in shape, reaching a more stable en-
ergy (and configuration) faster than the more hydrophilic surface, that interacts
stronger with graphene. However, for impact velocity of 7 A˚/ps, the spreading
10
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Figure 5: (a) Droplet-droplet potential energy per water molecule for a set of impact velocities.
(b) Droplet-graphene potential energy per water molecule for a set of impact velocities.
pattern changes to a more irregular one, and structural voids inside the struc-
ture of the droplet starts to appear (Figure 6a and b, and Video 2 of Supporting
Information). This change in shape seems to be detrimental for the stability
of the droplet at the less hydrophilic surface, as the voids make it harder for
a fast recovery to a stable shape, resulting in a higher potential energy (more
unstable). For even higher velocities, the deformation on the droplets increases
for both parametrizations.
Looking the potential energies of 7 A˚/ps impact velocity (Figure 7a), for both
parametrizations the peaks occur approximately at the same time. Just after
impact the more hydrophilic surface maintains the droplet at that high-energy
state longer than the less hydrophilic one. However, as the system evolves in
time, the droplet energy at the more hydrophilic surface decreases faster than
at the less hydrophilic surface. After some time, both configurations reach the
same energy. As the velocity of impact increases, for example in Figure 7b for
10 A˚/ps, this change in pattern becomes more pronounced resulting that the
droplet at the less hydrophilic surface stays longer in an unstable configuration.
Despite surface wettability, the potential energy after impact always reaches
about the same value for a determined velocity of impact, because in equilib-
rium the van der Waals and electrostatic interactions between water molecules
counterbalances with the ones between water and graphene. Besides that, the
11
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Figure 6: Snapshots from MD trajectories of the droplet impacting on graphene surface with
di↵erent wettabilities. Impact at velocity of 7 A˚/ps on; (a) more, and; (b) less hydrophilic.
Figure 7: Droplet potential energy per water molecule at impact velocity of; (a) 7, and; (b)
10 A˚/ps. (c) Number of molecules belonging to droplet after impact.
12
ACCEPTED MANUSCRIPT
45
AC
CE
PT
ED
 M
AN
US
CR
IPT
amount of water molecules lost by the droplet during the impact is about the
same for a determined velocity for both parametrizations (Figure 7c). Another
important fact is that our simulations have constant number of atoms and vol-
ume, so eventually, vapor molecules nearby the droplet may return to it. In
addition to the droplets potential energy we have also performed the energy
analysis of the graphene membrane and droplet kinectic energy on Figures S4,
S5 and S6 on the Supporting Information.
3.3. Fragmentation of droplets
When the velocity of impact is increased to values beyond 11 A˚/ps, for the
more hydrophilic and 10 A˚/ps for the less hydrophilic graphene, the droplet
starts to fragment. As shown in Figure 8a, the droplet at the more hydrophilic
surface has more resilience to fragmentation because it spreads more on the
surface than the droplet at the less hydrophilic surface (Figure 8b and Video 3
of Supporting Information).
The fragmentation starts with the formation of a large number of structural
voids inside the droplet. As these voids continues to increase, eventually a
small cluster of molecules becomes detached from the droplet. For the droplet
at the more hydrophilic surface, the detachment occurs at the outer region of the
droplet (Figure 8c). In the less hydrophilic surface, the detachment occurs first
in the middle of the droplet, as can be seen in Figure 8b and d. This happens
because the less hydrophilic surface has less interaction with the droplet, what
makes the oscillations of graphene partially eject the liquid o↵ the surface. The
velocity of 11 A˚/ps is the moment where this behavior starts to occur and
becomes more pronounced as the velocity increases (Figure 8d). For the more
hydrophilic surface this liquid ejection does not occur because the interaction
graphene-droplet is stronger.
For velocities slightly larger than the limit of no-fragmentation, as the ones
shown in Figure 8b, c and d, the small clusters of liquid detached during spread-
ing are not ejected with high enough velocity, staying closer to the main droplet
and eventually being rebounded to it. The fragmentation of the droplet occurs
13
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Figure 8: Snapshots from MD trajectories of droplets at 11 A˚/ps on the (a) more and (b) less
hydrophilic graphene surface. Snapshots from MD trajectories of droplets at 12 A˚/ps on the
(a) more and (b) less hydrophilic graphene surface.
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Figure 9: Density maps for droplets at 3 A˚/ps for; (a) more, and; (b) less hydrophilic graphene.
(c) Maximum lateral kinetic energy per droplet molecule. Density maps for droplets at 5 A˚/ps
for; (d) more, and; (e) less hydrophilic graphene. (f) Graphene-water interaction energy per
droplet molecule at maximum spreading.
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due to decreased thickness of liquid density during spreading at higher impact
velocities. As can be seen in Figure 9a and b, at velocity of 3 A˚/ps the density
map of the droplet at maximum spreading is well distributed in its inner part,
with low densities only in the vapor-liquid interface. The lateral kinetic energy
that the droplets acquire after impact with graphene increases as the velocity of
impact increases, for both parametrizations, as can be seen in Figure 9c. Only
after a few picoseconds (10 to 50 ps) after this maximum lateral kinetic energy is
reached is that the maximum interaction energy between graphene and droplet
occurs. This increase in lateral velocity makes the water layer during spreading
thinner and wider as more downward velocity is applied (Figure 9d and e)),
what results in a stronger interaction energy between liquid and surface (Figure
9).
Figure 10: Density maps for droplets at 7 A˚/ps for the (a) more and (b) less hydrophilic
graphene. Density maps for droplets at 10 A˚/ps for the (c) more and (d) less hydrophilic
graphene.
Even though this increase in lateral kinetic energy results in more water
16
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molecules moving away from the center and to the outer regions of the droplet,
the interaction energy reaches a relative plateau after 7 A˚/ps. This happens
because at this point the thinner water layer starts to break out, with structural
voids being formed and water concentrating more at the outer region (Figure
10a and b). For higher impact velocities these voids become larger at maximum
spread, with molecules accumulating into clusters (Figure 10c and d). When the
intermolecular interactions among these clusters are broken, the droplet starts
to fragment.
4. Conclusions
This work demonstrated that water nanodroplets interacting with graphene
at high impact velocities, ranging from 1 to 15 A˚/ps, have di↵erent spreading
patterns depending on impact velocity and graphene wettability. Three ranges
of velocities showed distinct patterns. For velocities up to 1 A˚/ps the droplets
are simply deposited on the surface. From 2 to 11 A˚/ps droplets spread reach-
ing a maximum diameter and retracts to an equilibrium configuration. The
maximum diameter increases as the velocity of impact increases, but for a de-
termined velocity this diameter is always large for the more hydrophilic surface.
After a time of hundreds of picoseconds, the droplets equilibrate on graphene
surfaces, with their final contact angles and diameter having similar values as
the ones of the simple deposition case (velocity smaller than 1 A˚/ps).
During spreading, droplets present higher potential (more unstable) energies
that decreases as they reach equilibrated configurations. Up to impact velocity
of 6 A˚/ps, the droplets spreading on the more hydrophilic surface stay longer at
higher energy configuration. After this point, the spreading leads to structural
droplet voids. These voids are more detrimental on the droplets interacting with
the less hydrophilic graphene surface, which makes a significant change in how
the curves of potential energy evolve. Because of the voids, the droplet on less
hydrophilic surface stays longer on the unstable state than the more hydrophilic
ones.
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Increasing even more the velocity, for values beyond 11 A˚/ps (more hy-
drophilic case) and 10 A˚/ps (less hydrophilic case) the droplet fragments. The
interaction energy between graphene-droplet shows that at these values the
energy reaches a relative plateau, representing the maximum spreading that
the droplet can reach without fragmentation. This spreading is a result of in-
creasingly thinner layers of liquids, that after some point breaks into too many
fragments.
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S1. Graphene oscillations after impact
The oscillation of graphene does not have considerable effect on the overall
droplet dynamics. At moment of impact, graphene shows high amplitudes for
both parametrizations, as can be seen in Figure S1 for the droplet of 100 A˚ of
diameter at impact velocity of 10 A˚/ps.
Figure S1: Graphene oscillation during impact for the droplet of 100 A˚ of diameter at velocity
of 10 A˚/ps.
These oscillations vanish in less than 500 ps for the less hydrophilic surface
∗Corresponding author
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and are less than 2 A˚ in amplitude after 2000 ps for the more hydrophilic
parametrization.
S2. Effect of graphene area on droplet spreading
To study the effect of graphene area, we considered smaller droplets of 50 A˚
of diameter impacting at 7 A˚/ps on graphene sheets of 250x250, 500x500 and
1000x1000 A˚2.
Figure S2: (a) Graphene oscillation and (b) diameter evolution during impact of the 50 A˚
diameter droplet impacting with velocity of 7 A˚/ps on different area graphene sheets.
As can be seen in Figure S2a, in the first bending of graphene, when the
droplet impacts it, the amplitude of oscillation is very similar to all the areas
considered. As the systems evolve, smaller areas have higher oscillation fre-
quency, as well as amplitudes of movement. Even though the systems present
those differences, the maximum spreading diameter differs in only 10 A˚ between
the smallest and the biggest graphene sheet (Figure S2b).
S3. Comparison with other works
A spreading parameter β can be defined as:
β =
D(t)
D0
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where D(t) is the instantaneous (time simulation) diameter of the droplet, con-
sidered as the average of the its lengths along x and y coordinates (perpendicular
to graphene surface); D0 is the initial diameter prior to impact. We compared
our values of βmax x Weber number with different experimental results [1, 2, 3]
of droplet impacts on glass surfaces, as well as another molecular dynamics
simulation work[4] of water droplets on graphite.
As can be seen in Figure S3, the more hydrophilic surface agrees well with the
experimental data[1, 2, 3] for Weber numbers below 100. This comes from the
fact that the surfaces on those studies are glass, that have a more hydrophilic
behavior. In the other hand, our results of the less hydrophilic surface are
in agreement with the other simulation results[4] on graphite, that presents
a low wetting behavior. However we noticed for Weber number beyond 100
that ours and the other simulation work does not follow the patterns of the
experimental data. What probably happens at this range of Weber numbers is
that macroscopic factors starts to play a significant role on droplet dynamics
and larger droplet sizes would be necessary to tackle these phenomena.
Figure S3: Plot of βmax x Weber number comparing the present work with experimental and
molecular dynamics data.
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S4. Potential and Kinectic Energy Plots
We did additional analysis of graphene energies. Figure S4 shows the poten-
tial energy per carbon atom for selected droplet impact velocities. The curves
Figure S4: Potential energy per carbon atom at impact velocity of; (a) 1, (b) 5, (c) 7, and (d)
10 A˚/ps.
present many oscillations in the first few picoseconds during impact for veloci-
ties of 5, 7 and 10 A˚/ps, where spreading with retraction occurs. Nevertheless,
in all cases we see that the potential energy of graphene is stronger (more neg-
ative) for the more hydrophilic configuration, as the Lennard-Jones interaction
with the surface with water contributes more for the summation of energies.
The oscillation are attenuated faster on the less hydrophilic configuration, due
the weaker interaction with the liquid, but after 1000 ps the system reaches
a relative equilibrium. Overall, in all impact velocities the potential energy
that graphene obtains are very similar for a specific configuration (more or less
hydrophilic), showing that the droplets reaches the same configuration after
impact independently of the velocity.
Regarding the kinectic energy of graphene, as shown in Figure S5, we noticed
that its values increases (more positive) during impact, with the same high fre-
quency oscillation of the membrane appearing in the energy curves. The transfer
S4
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of kinectic energy occurs more rapidly on the more hydrophilic surface, due to
the stronger water-graphene interaction, but we notice that the trend is for the
less hydrophilic curves to reach similar values as the more hydrophilic ones.
This is expect because the droplet kinectic energy (Figure S6 reaches similar
Figure S5: Kinectic energy per carbon atom at impact velocity of; (a) 1, (b) 5, (c) 7, and (d)
10 A˚/ps.
values for all impact velocities, in both more and less hydrophilic configurations.
Also in Figure S6 we can see that in the more hydrophilic case the droplet is
more prone to the membrane vibration and takes longer to attenuate its effects.
Besides that, the curves for a determined impact velocity are almost identical
for the two configurations, differing only by the graphene vibrations.
Figure S6: Kinectic energy per water molecule at impact velocity of; (a) 1, (b) 5, (c) 7, and
(d) 10 A˚/ps.
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ABSTRACT 
 
 In this work we have investigated, by fully atomistic reactive (force field ReaxFF) 
molecular dynamics simulations, some aspects of impact dynamics of water nanodroplets on 
graphdiyne-like membranes. We simulated graphdiyne-supported membranes impacted by 
nanodroplets at different velocities (from 100 up to 1500 m/s). The results show that due to the 
graphdiyne porous and elastic structure, the droplets present an impact dynamics very complex 
in relation to the ones observed for graphene membranes. Under impact the droplets spread over 
the surface with a maximum contact radius proportional to the impact velocity. Depending on the 
energy impact value, a number of water molecules were able to percolate the nanopore sheets. 
However, even in these cases the droplet shape is preserved and the main differences between 
the different impact velocities cases reside on the splashing pattern at the maximum spreading. 
 
 
INTRODUCTION 
 
 The materials science revolution created by the advent of graphene [1] has renewed the 
interest for other two-dimensional carbon allotropes, such as graphynes  [2–5]. Graphyne is a 
generic name for a family of 2D carbon allotropes where acetylenic groups connect benzenoid-
like rings, with the coexistence of sp and sp2 hybridized carbon atoms. Similarly to graphene, 
tubular structures can also exist [3,4]. Graphdiynes are graphyne-like structures with double 
acetylene linkages (Figure 1). Graphdiynes can exist in many different configurations, the most 
common are known as α, β, and γ-graphdiynes (see Figure 1 for an example of γ-graphdiyne). 
They constitute a family of interesting class of membranes with uniformly distributed nanopores 
[5–7] that can be exploited for a variety of applications. They are one of the most stable non-
natural carbon allotropes and some structures have been already experimentally realized [6].  
In order to study the applicability of graphdiynes as selective membranes [8,9], it is 
important to known their wettability behavior on equilibrium and also on non-equilibrium 
conditions, such as like under high velocity impacts. Droplet splashing dynamics on surfaces is 
an important area in general science and industry [10–13], dealing with diverse aspects that a 
liquid could have (such as shapes and sizes) on impacting surfaces at different velocities. In this 
work, we have use fully atomistic molecular dynamics (MD) simulations to investiagate how 
water nanodroplets behave on impact at graphdyine membranes. Due to space limitations we 
restrict ourselves to the case of γ-graphdyines. 
 
 
THEORY 
 
The MD simulations were carried out using the reactive force field ReaxFF [14], as 
implemented on LAMMPS package [15]. We considered structures (Figure 1) consisting of γ-
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graphdiyne membranes of 100 x 100 Å² and droplets with radii values of about 20 Å 
(approximately 3000 water molecules).  
  
  
 
Figure 1. Initial set up configuration for water nanodroplets impacting on γ-graphdyine 
membranes.   
 
Before running the impact MD simulations, we equilibrated the water droplets using a 
NVT ensemble coupled to a Nosé-Hoover thermostat [16,17] to keep the temperature (300 K) 
constant. After that, velocities ranging from 100 to 1500 m/s downwards were added to the 
droplets, shooting them against the graphdiyne membranes (Figure 1). 
 The impact MD simulations were carried out using a NVE ensemble, with time steps of 
0.1 fs. We chose to use a reactive force field (ReaxFF) because of the possible large structural 
deformations, which are not well described for non-reactive force fields (most of them use 
quadratic approximations). Membrane borders were kept fixed to best mimic a supporting 
substrate. 
 
 
DISCUSSION 
 
 Our results show that water droplets impacting on γ-graphdiyne membranes exhibit 
splashing behaviors similar to the ones observed for graphene membranes [18] only for small 
velocities values. The graphdiyne higher porosity and flexibility (in relation to graphene) create a 
very complex droplet dynamics, which depending on the impact velocity values can result in 
partial liquid membrane perfusion,  
 In Figure 2 we present a representative MD snapshot of the equilibrium configuration for 
the case of impact velocity of 100 m/s. Due to the graphdiyne high porosity and flexibility, a 
small deformation was observed around the region of droplet contact. Although some water 
molecules passed through the graphdyine pores at the impact moment, when the final droplet 
configuration is reached, this no longer occurs. Splashing patterns and droplet equilibrium 
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configurations became more asymmetric increasing the droplet impact to 500 m/s. This can be 
better evidenced analyzing the droplet surface density profile (Figure 3). 
 
 
Figure 2. MD snapshot of the droplet equilibrium configuration, for the case of 100 m/s impact 
velocity.  
 
 
Figure 3. Superficial density (arbitrary units) of water molecules at the instant of maximum 
spreading on the graphdiyne surface. Results for the velocity case of 500 m/s. 
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Figure 4. MD snapshot of the equilibrium configuration, for the case of 1000 m/s impact 
velocity. 
 
 
Figure 5. Superficial density (arbitrary units) of water molecules at the instant of maximum 
spreading along graphdiyne surface. Results for the velocity case of 1500 m/s. 
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The density map shows that at this impact velocity value (500 m/s), the largest water 
molecules density (at maximum spreading) remains at the nanodroplet center. In our previous 
study with graphene sheets, the density of water molecules was more homogeneous at maximum 
spreading at this velocity. Also, for graphene, the droplet shape only became asymmetric for 
higher impact velocities (750 m/s). For graphdiyne membranes, we can attribute this droplet 
deformation due to fact that graphdiyne is much more flexible than graphene and also to its 
intrinsic structural asymmetry. 
Similarly, to the observed for the case of 100 m/s, some water molecules can pass 
through the graphdiyne membrane, but the majority of the liquid retracts after impact and stays 
in a stable configuration. For the droplet impact velocity of 1000 m/s, the splashing patterns 
continue to show the same asymmetric shapes at maximum spreading (Figure 4).   
However, for the largest velocity value we have considered in this study (1500 m/s), the 
patterns at maximum spreading change again, becoming more symmetric and more 
homogeneous. The spherical-like distribution of water molecules on over all droplet volume is 
recovered (Figure 5). Interestingly, the number of water molecules passing through the pores 
changes only slightly in relation to the case of 1000 m/s. 
These results suggest that exists a velocity threshold determining the symmetry level of 
the spreading droplet. Near the droplet fragmentation point, where the droplet will not retract 
anymore, the spreading pattern changes again from asymmetric shapes to more symmetrical 
(spherical) ones. Preliminary analysis seems to indicate that this is associated with the level of 
the membrane structural (bending) deformations. Further investigations are needed to confirm 
the existence of a relationship between membrane bending and the symmetry of the splashing 
patterns. 
 
 
CONCLUSIONS  
 
 We have investigated through fully atomistic reactive molecular dynamics simulations 
the impact dynamics of water nanodroplets on graphdiyne membranes. The graphdiyne higher 
porosity and flexibility in relation to graphene create a very complex droplet dynamics. 
Depending on the impact velocity, partial liquid membrane perfusion can occur. 
For small impact velocity values, there is a good agreement between the micro and 
nanoscales, with the water droplet having symmetric splashing patterns on graphdiyne 
membranes. However, as we increase the impact velocity values (in our system this range was 
500-1000 m/s) the splashing patterns become irregular and asymmetric, but still the majority of 
water molecules stay at the center of droplet on maximum droplet spreading. If we continue to 
increase the impact velocity value to1500 m/s, the spreading patterns change again, the splashing 
recover the symmetrical shapes and there is a more homogeneous distribution of water molecules 
on over all droplet volume. 
Preliminary analysis seems to indicate that the symmetry changes in spreading patterns 
and droplet surface density values are related to the level of the maximum graphdiyne membrane 
structural (bending) deformations upon droplet impacts. Further investigations are needed to 
confirm the existence of this relationship. 
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2.4 Permeation of Water Nanodroplets on Carbon Nan-
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Permeation of Water Nanodroplets on Carbon Nanotubes Forests 
 
Ygor M. Jaques and Douglas S. Galvao 
Applied Physics Department, University of Campinas, Campinas, SP 13081-970, Brazil 
 
 
ABSTRACT 
 
 Fully atomistic molecular dynamics simulations were carried out to investigate how a 
liquid-like water droplet behaves when into contact with a nanopore formed by carbon nanotube 
arrays. We have considered different tube arrays, varying the spacing between them, as well as, 
different chemical functionalizations on the uncapped nanotubes. Our results show that simple 
functionalizations (for instance, hydrogen ones) allow tuning up the wetting surface properties 
increasing the permeation of liquid inside the nanopore. For functionalizations that increase the 
surface hydrophilicity, even when the pore size is significantly increased the droplet remains at 
the surface without tube permeation. 
 
INTRODUCTION 
 
 The wetting dynamics of surfaces is an important area of fluid dynamics, the wetting 
behavior many times determines the potential use of a specific material in technological 
applications [1]. Because of that, the engineering of texturized structures at the micro/nanoscopic 
level has been used to obtain surfaces with extraordinary properties, like rapid detachment [2], 
superhydrophilicity and superhydrophobicity [3]. Some of these properties can be very useful to 
applications concerning anti-icing, antifogging and self-cleaning materials. As an example, 
engineering patterned surfaces created by placing uniformly spaced pillars, represent an effective 
and feasible strategy to design materials with such properties [4,5].  
In order to understand, at atomic level, how a liquid like water behaves when into contact 
with such materials, we have investigated through fully atomistic classical molecular dynamics 
(MD) simulations the permeation behavior of water nanodroplets into contact with patterned 
carbon nanotubes (CNT) forests (our patterned surface – see Figure 1). More specifically, we 
have considered different tube arrays, where we varied the spacing between tubes. We have also 
considered tubes with different edge functional groups (hydrogen and hydroxyl ones) in order to 
create different degrees of array wettability and/or hydrophilic or hydrophobic behaviors.  
 
 
THEORY 
 
The MD simulations were carried out using the LAMMPS code [6]. Our system consisted 
of 28 (8,0) carbon nanotubes forming a regular pattern to emulate a nanoforest. The length of 
these nanotubes is 10 nm. All tube-dangling bonds were functionalized (passivated) with 
hydrogen or hydroxyl groups. It is important to stress that as we are using nanotubes of very 
small diameters (water molecules cannot enter them), we can investigate the permeation that 
occur only at the nanopores. 
 To model the behavior of a water nanodroplet near the surface of a nanopore (created by 
manipulating the nanotube spatial arrays), three different separations were considered at the 
MRS Advances © 201  Materials Research Society
DOI: 10.1557/adv.201 .
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middle of the nanoforest: 5, 10 and 20 Å. A representation of the initial configuration system is 
depicted in Figure 1.   
  
  
Figure 1. Initial configuration for the water nanodroplets dynamics placed above the nanopore 
surface. 
 
The droplets were first equilibrated (at 300 K) with a Nosé-Hoover thermostat [7,8], 
keeping the center of mass (COM) fixed, assuming the expected spherical shapes. After that, we 
remove the COM restraint and the droplet start to move towards the nanoforest surface.  
 Two different functionalizations were considered at tube edges, hydrogenations and 
hydroxylations. The SPC/E model [9] was used for water and the C-O parameter interactions 
were obtained from [10]. Other nonbonded interactions were obtained from the standard 
CHARMM forcefield [11]. 
 The spatial density distribution of the final droplet configuration is obtained by dividing 
the simulation cell into boxes of dimensions 0.5 x 0.5 x 50 Å3. The density was calculated 
considering a MD time run of 200 ps with time steps of 2.0 fs and temperatures always at 300 K. 
This methodology approach has been proved to be effective in the study of nanodroplets [11]. 
 
 
DISCUSSION 
 
 We start analyzing how the different functionalizations affect the droplet dynamics 
behavior. Our simulations showed that hydrogen functionalizations tend to improve the 
hydrophobic character of the nanoforest, while the hydroxyl functionalizations have the opposite 
effect, i. e., they increase the hydrophilic character. This can be seen in Figure 2, where we 
present representative MD snapshots of the equilibrium configurations for the two-
functionalization cases. As we can see from this Figure, the droplet is not widely spread on the 
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hydrogenated surface and a significant droplet part permeates through the nanopore. However, 
for the hydroxylated surface the droplet is spread over almost all-accessible area and the 
permeated part is much smaller in comparison to the hydrogenated cases. However, as 
mentioned above, for both cases, there is some degree of capillarity (tube permeation), which 
stabilizes after 2 ns.  
 For the H-functionalization case, it is very clear that there is a tendency of the liquid to go 
inside the pore, even with the nanotube surface being also hydrophobic. It is interesting how very 
simple functionalizations can tune the behavior of the liquid inside a nanopore, and can assume 
that for more complex functionalizations (with more hydrocarbon chains) this behavior can be 
increased.  
 
 
Figure 2. MD snapshots of the equilibrium configurations for Hydrogenation (a) and OH (b) 
functionalizations for a separation nanopore of 5 Å created in the middle of the nanoforest. 
 
One important magnitude to character the wetting behavior is contact angle values. From 
the MD results we calculated these values, as well as the density profile of the equilibrated 
droplets. An angle of 74° was obtained for H-functionalization (Figure 3) and for OH-
functionalization this value decreased to as low as 15°. Due to surface pore homogeneity, we can 
expect the equilibrium pore contact angle values to be close to zero degrees. However, the exact 
contact angle value is difficult to estimate because the pores are too small to provide a clear 
liquid-vacuum profile to curve fitting.  
 We also investigated how the pore size affects the droplet dynamics (spreading and 
permeation). We considered 3 sizes: 5, 10 and 20 Å. For the H-functionalization cases, 
increasing the pore size increases the droplet permeation, as the liquid easier flows through the 
pore (Figure 4). For the largest spacing (20 Å), we can see some stabilization of the water 
molecules near the top surface, even if the liquid has more space to flow inside. This could be 
understood as a consequence of the tube internal surface hydrophobicity (no good affinity with 
the liquid).  
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Figure 3. Superficial density (arbitrary units) of the water nanodroplet formed on the H-
functionalized. Results for a 5 Å nanopore. The arrow indicates the calculated contact angle 
value (measure on clockwise direction). 
 
 
 
Figure 4. Representative MD snapshots for stable droplet configurations. H-functionalization 
results for pores of 10 (a) and 20 Å (b), respectively. 
For the OH-functionalization cases, a quite different behavior occurs as the hydrophilic 
coating on the extremities of the tubes causes a very strong interaction between liquid and the top 
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surface (Figure 5). Even with a spacing of 20 Å the liquid remains widely spread over the top of 
the nanoforest with smaller permeation in relation to the hydrogenated cases. 
 
 
 
 
Figure 5. Representative MD snapshots for stable droplet configurations. OH-functionalization 
results for pores of 10 (a) and 20 Å (b), respectively. 
 
 
CONCLUSIONS  
 
We have investigated, through fully atomistic molecular dynamics (MD) simulations the 
wetting behavior of water-like droplets deposited on nanopores formed by functionalized (H and 
OH groups) carbon nanotube arrays (nanoforests). 
Our results show that using simple chemical functionalizations it is possible to tune the 
wetting response (in terms of droplet spreading and permeation) of the nanotube forests, in spite 
of the tube internal surface hydrophobicity. For the H-functionalization cases, the droplet does 
not exhibit significant spreading and increasing the pore size increases the droplet permeation. 
For the OH-functionalization cases, the droplets are widely spread on the forest surface and even 
for the largest spacing investigated here (20 Å) the droplet permeation is not very extensive. The 
reasons for this differentiated behavior were discussed in details in the above section.  
As our structures are very small (evaporation effects are still important and droplet 
fragmentation involves sometimes only a few water molecules) a direct comparison with 
classical wetting theories is not possible. These results are suggestive that they are direct 
consequences of spatial variations at atomic size scale, thus it could not be captured by classical 
theories. We need further tests to confirm this hypothesis. These results can be exploited in the 
design of nanotexturized surfaces by top-down or bottom-up techniques [12]. 
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2.5 Consolidation of functionalized graphene at ambient
temperature via mechano-chemistry
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a b s t r a c t
Graphitic solids are typically produced via high temperature and energy consuming processing (e.g.
sintering) of carbon particles. Here, we demonstrate the mechano-chemical assembly of functionalized
graphene layers into 3D graphitic solids via room temperature and low energy consuming processing.
The chemical functional groups on graphene layers are interconnected at room temperature under
pressure leading to porous three-dimensional structures with tunable mechanical and electrical prop-
erties. The formation of mechano-chemistry induced atomic scale junctions and their impact on me-
chanical properties of graphene assembled carbon materials are demonstrated through nano-
indentation experiments and confirmed using DFT and molecular dynamics simulations. The results
show room temperature consolidation routes of graphene layers into bulk carbon solids.
© 2018 Elsevier Ltd. All rights reserved.
1. Introduction
Two-dimensional materials have superior mechanical, electrical
and functional properties, which opened a new perspective in the
energy, electronics, catalysis, and biomedical applications [1e7].
Building a three-dimensional (3D) architecture using these two-
dimensional (2D) atomically thin layered materials poses a great
challenge. Although many strategies have been used to produce 3D
graphene [8e15] till today controlling density, stiffness and
electrical conductivity of these structures is not very successful. The
conventional industrial processes of sintering (joining/welding)
powder into a solid 3D structure such as hot iso-static press (HIP)
requires energy expensive techniques involving high pressure and
temperature (>100MPa and >1000 C) [16]. Utilizing such pro-
cesses also results in increase in defect concentration, which affects
electrical and functional properties.
There are several non-conventional energy efficient methods,
such as chemical vapor deposition (CVD), spark plasma sintering
(SPS), laser processing (LP) and freeze-drying used [13,14,17].
Among all these methods, energy efficient freeze-drying method to
synthesize ultra-low-density 3D architecture has gained a lot of
attention in recent past. Although, the specific strength (strength/
density) of such architecture is high but control over density and
conductivity is low. The easily scalable and less energy consuming
processes such as SPS and LP are found to be promising, however
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these involve complex processing conditions and results in poor
control over mechanical and electrical properties.
The interaction between chemical functionalities attached to
nanoscale materials (e.g. CNT and graphene) is far superior to its
bulk counterpart due to higher surface area in the lower di-
mensions [18e21], which results in an enhancement of mechanical
properties due to the interlocking mechanism control. Utilizing the
above understanding, here, we report for the first time an energy
efficient, easily scalable ambient temperature consolidation process
using two differently functionalized graphene sheets (Fig. 1a) to
construct porous 3D structure with superior mechanical and elec-
trical properties. The current method can control the density, sur-
face properties (contact angle, surface roughness and reflectivity),
mechanical and electrical properties with application of pressure.
The in-situ mechanical testing and theoretical understanding re-
veals the reason for formation of such interconnects.
2. Experimental details
G-OH (Graphene with OH functionalization) and G-COOH
(Graphene with COOH functionalization) were prepared by ball
milling of graphite flakes with KOH in dry ice. The ball milled
product is cleaned using water. The purity of the product was
confirmed using XPS that shows no element other than carbon,
oxygen and hydrogen (Supporting information table 1). Using the
XPS data, basic stoichiometric calculations indicates the ratio of 2
O: 1H in G-COOH and 1O: 1H. Raman measurement and FTIR of the
initial graphene has been performed to see the presence of func-
tional groups and quality. The D, G and D2/G bands has been used to
conclude graphene with defect are used for the current work. Equal
weights (95mg) of G-COOH and G-OH containing 5.67% and 6.44%
of COOH and OH have been grinded using two different sizes of
mortars and pestles (made up of traditional Agate) with radii of 2.5
and 5 cm were used. Initial experiments are performed using
mortar of 5 cm radii and then the same has been repeated for
Fig. 1. (a) Schematic showing the idea of the current work, densification of graphite sheets need high temperature and pressure, exfoliated graphene with two different functional
groups mixed together to build interconnected 3D graphene-based architecture. (b) Raman spectroscopy of the solid-state reaction mixture after grinding (black) as compared to
starting material of G-COOH (graphene with COOH functionalization), G-OH (graphene with OH functionalization) (red and blue respectively) (c) detection of water by pressing a
mixture of G-COOH and G-OH using the in-situ mass spectroscopy experiment. No increase in the ion current for water was observed when individual samples were subjected to
the same conditions of grinding and pressing. (d) The density measured after compressing reactant and product at same load. Contact angle measurement of the pellets shown on
respective density. (e) XRD of the starting material (G-COOH and G-OH) (red and blue respectively) and pressing the mixture (black). (f) SEM images of reactants showing random
graphene sheets and their agglomerates (scale bar 1 mm), (g, h) Low and high magnification SEM images of graphene product Grinding leads to a sheet-like silvery lustrous material
shown as inset of Fig 1g (scale bar 100 mm and 2 mm). The low magnification SEM image of such lustrous sheets shows millimeter size large agglomerates of the graphene sheet. The
high magnification SEM image shown in Fig. 1h reveals the large sheet is consisting of well aligned interconnected or interlocked graphene sheet, (i) The bright field TEM image of
the functionalize graphene showing random stacked bilayer graphene (20 nm scale bar). HRTEM image of the stacked the bi-layer graphene. (j) Bright-field TEM image of a
graphene sheet (20 nm scale bar). Inset shows that it consists of 6 layers of graphene. (k) Final configuration of MD simulated contact angle on OH functionalized graphene. (l)
Density map of water droplet on OH functionalized graphene. (m) Density map of water droplet on product graphene. (n) Final configuration of MD simulated contact angle on
product graphene. (A colour version of this figure can be viewed online.)
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2.5 cm radii. A usual manual grinding without additional force has
been used in thework. The samples were collected at different time
duration (5, 10, 15 and 20min). The 15 and 20min samples showed
best yield. As for the reproducibility of the results, the reaction was
reproduced in three different labs in three different places related
to collaborators involved in this paper. The reaction was done in
different environments under vacuum, different labs (that has
controlled humidity and temperature) and in open air as well in
variable humidity, different temperatures. Palletizationwas done at
ambient temperature and conditions making use of a hydraulic
press at a load of 5000, 10000, 15000 and 20000 kg.
The individual pellets of G-COOH and G-OH were produced as
references/control for comparison. The Fourier-transform infrared
spectroscopies were performed using Nicolet FTIR with ATR
attachment. Raman and XPS spectra were measured using a
Renishaw Raman spectrometer at 514.5 nm excitation and Surface
Science Instrument SSX-100, respectively. SEM and TEM image was
obtained by using FEI Quanta 400 SEM and JEOL 2100F TEM,
respectively. AFM images were obtained with a Nanoscope IIIa
(Digital Instruments/Veeco Metrology), operating in tapping mode,
using Si tips n-doped with 1e10 Ucm phosphorus (Veeco, MPP-
11100-140) at a scan rate of 2 Hz and resolution of 512 512. The
X-ray diffraction measurements were carried out with a Rigaku
diffractometer (Cu Ka radiation, wavelength¼ 1.5406 Å; operating
energy-40 keV; cathode-current-40mA; scan rate, 1 min1).
In-situ mechanical testing is performed using PI85 SEM
PicoIndenter (Hysitron, Inc.) inside 3D Verna SEM microscope (FEI
Company). The in-situ mass spectrum experiments used to monitor
water formationwere done as described in previous reports [15,18].
A residual gas analyzer, BalzersThermostar with Quadstar 32bit
software, was used for the mass spectrometric measurements. This
mass spectrometer is equipped with an electron ionization (EI)
source, a quadruple mass analyzer and a channeltron electron
multiplier as the detector. Multiple ion detection (MID) mode of
measurements provided with the Quadstar 32 bit software was
used for the measurements. In MID, ion current was monitored as a
function of time.
2.1. Simulation methods
The DFT calculations were performed using SIESTA 4.0 version.
The long-range interaction was taken into account using a van der
Waals corrected function [30e32]. The values of mesh cutoff, k-
sampling grid, and supercell length in the direction perpendicular
to the graphene sheets (z direction) were converged and chosen as
500 Ry, and 20 Å, respectively. Each supercell contained two gra-
phene sheets of 32 atoms each, with supercell lattice vectors of
9.866 Å and 8.544 Å along the two directions parallel to the gra-
phene sheets (x and y directions). An isolated graphene sheet was
relaxed to a value of maximum atomic force below 40meV/Å pre-
vious to stacking the two sheets together. The sheets were firstly
stacked in AB configuration and separated by a distance, which was
then reduced in steps of 0.5e1 Å. The interaction energy was
calculated at each stepwise reduction in sheet separation as Eint ¼
EAB  ðEAþ EBÞ; where EAB is the total energy for the entire system
of molecules, EA and EB are the total energies of each single gra-
phene sheet.
To address the contact angle changes between pristine and OH-
functionalized graphene sheets we performed classical molecular
dynamics simulations with LAMMPS (Large-scale Atomic/Molecu-
lar Massively Parallel Simulator) code [33]. Different spacing be-
tween sheets were considered: 3,4 and 5 Å on pristine form; 2.5
and 5 Å on OH functionalization. The top layer in both cases was
split by a 25 Å separation. Box dimensions were about
150 50 150 Å3 for pristine graphene and 600 50 150 Å3 for
the functionalized one. A water droplet (with about 10000 atoms)
was set approximately 12 Å above the layers. After an energy
minimization, a NVT equilibration (canonical ensemble) was per-
formed for 2 ns, using the Nose-Hoover thermostat [34e36] to
maintain the system at 300 K.
The SPC/E model [37] was considered for water, utilizing the
PPPM (Particle-Particle Particle-Mesh)method [38] for electrostatic
interactions. A time step of 2 fs was used. Carbon-H2O parameters
were obtained from Ref. [39] and for other atoms combinations the
CHARMM force field with Lorentz-Berthelot rules were applied.
After equilibration, density maps of the liquid were acquired on a
200 ps simulation, dividing the simulation cell on 0.5 50 0.5 Å3
boxes and calculating the average density in each volume. The
contact angles were obtained from a curve fitting of the points
belonging to liquid-vapor interface.
3. Results and discussion
The grinding process of equal weights of G-COOH and G-OH
using mortar and pestle results in a silvery shining powder (as
depicted in Fig. 1a), in contrast to the dark product obtained by
individually referenced materials. The Raman spectra of the re-
actants and product shown in Supporting Information Fig. S1a,
indicate a decrease in the ratio (0.08) of the intensities of the defect
induced D band (at 1345 cm1) to that of the graphitic G-band (at
 1570 cm1), which can be attributed to reduction of defects in
the product. A lower frequency shift of the G-band of the product
relative to those of the reactants (G-COOH and G-OH), is observed
as shown in Fig. 1b. The changes in peak positions are due to the
interaction between the two sheets (Supporting Information
Fig. S1a) [22e25].
The chemical interactions between the COOH and OH func-
tionalized sheets during the grinding are indicated from the
decrease in intensity of the O-H and COOH stretch band (3600-
2800 cm1) in the FTIR spectra (shown in Supporting Information
Fig. S1b). The shift in carbonyl band towards higher wavenumbers
can be attributed to a condensation and ester formation reaction.
The XPS characterization shows that atomic percentage of oxygen
drops from 4.85 to 2.85% in the product, which can be due to the
condensation reaction (discussed in Supporting Information table
1). The lower value of oxygen content is in agreement with a
decarboxylation/condensations reaction. The similar phenomena
are previously observed in case of carbon nanotubes [15,18]. Based
on our observation, the reaction can be written as:
G-COOH þ G0-OH/G-G’ [3-D product] þH2O þ CO2.
In order to further confirm the water formation during the
grinding process, we have carried out specially designed in-situ
mass spectrometric measurements (a schematic of the experi-
mental set-up utilized is given in Supporting Information Fig. S2a).
The results of these measurements are shown in Fig. 1c. Although
no appreciable change in ion current was observed during grinding
of the reactants (G-COOH and G-OH) separately, whereas the
mixture shows an increase in ion current at m/z~18, which shows
the release of H2Oþ (Supporting Information Fig. S2). XRD diffrac-
tion has been performed from 8 to 90 as shown in Fig. S1. As major
difference is observed in 25e27 i.e. 002 peak to higher angle for
product as compared to the reactants as shown in Fig. 1e. It can be
due to reduction in interplanar lattice distance, which can be due to
reduction of fraction of functional groups, which is in agreement
with spectroscopic data presented before.
A chemical interaction of the sheets results in modified surface
properties, which can be characterize using contact angle mea-
surements. The G-COOH and G-OH shows hydrophilic behaviour
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(contact angle of 28 and 33 respectively), whereas hydrophobic
(contact angle of 74) for the product (Fig.1d). The results of density
measurements done after compressing reactant and product at the
same load (15000 kg) are shown in Fig. 1d. The product has higher
density (~20%) when compared with the reactants. The higher
densification can again be possible due to decrease in interplanar
distance which suggests decrease of fraction of functional groups in
the product.
A detailed microscopy analysis of the reactants and products are
performed using SEM and TEM. The low magnification SEM image
(Fig. 1f) of the reactant shows random agglomerates of function-
alized graphene sheets. While grinding under ambient tempera-
ture, a sheet-like silvery lustrous material is obtained as shown in
the inset of Fig. 1g. The low magnification SEM image (Fig. 1g) of
such lustrous sheets shows millimeter-sized large agglomerates of
the graphene sheets. The high magnification SEM image shown in
Fig. 1h reveals that the large sheet consists of well aligned, inter-
connected or interlocked graphene sheets. In order to understand
the morphology and stacking of these functionalized sheets, a
detailed TEM investigation is performed. The bright field TEM im-
ages of the reactants (Fig. 1i) shows a random arrangement of few
(1e2) layers. The HRTEM image in the inset reveals the bright field
image consisting of single/bilayer graphene. The histogram calcu-
lated from several TEM images reveals that the sheets are mostly
mono or bi-layer (shown as Supporting Information Fig. S3a). The
HRTEM image from a larger region and its FFT (shown in Sup-
porting Information Fig. S3c) reveals single hexagonal pattern
corresponding to mono or bilayer. The lattice images show small
defect concentration due to functionalization. The bright field TEM
image of the grinded product shown in Fig. 1j depicts several layers
stacked on top of each other. The well-aligned graphene sheets are
found to be interconnected or well stacked on top of each other. The
HRTEM image shown in inset reveals these are stacked sheets of
graphene. The histogram (Supporting Information Fig. S3b) in-
dicates that most of the sheets are composed of 6e8 layers. The
HRTEM image and its FFT (shown in Supporting Information
Fig. S3d) reveals polycrystalline pattern corresponding to more
than three layers with high mis-orientation. The lattice images
show high defect concentration as compared to reactant due to
esterification reaction and crosslinking of the sheets.
Frommicroscopic analysis we can conclude that modification in
the stacking of 2D sheets. The spectroscopy analysis reveals change
in chemical functionalization during the grinding action. Among all
these one of question remains unanswered is about the changing of
contact angle of water in reactant and product. Hence, the effect of
stacking of graphenewith functional groups (reactant) and without
functional group (product) onwater contact angle was investigated
using classical molecular dynamics simulation. We designed a
structural model similar to experimental condition with and
without OH functional group. Fig. 1k and l shows final droplet
configuration at the top of graphene with OH functionalities, with a
contact angle of 16. On the other hand, product graphene with
similar separation distance (Fig. 1m and n) shows 74, which is
consistent with our experimental measurements. The main reason
for such behaviour is due to spacing between two sheets and
presence of hydrophilic OH group in reactant and its absence in
product. Thus, based on the detailed spectroscopic, microscopic
investigations and theoretical calculation, we conclude that the
functionalized graphene sheets under mechanical grinding un-
derwent a condensation reaction resulting in stacked structures.
A different density 3D structure of 10mm diameter is prepared
using a room temperature cold press unit under the loads of 5000,
10000, 15000 and 20000 kg (corresponds to ~0.6, 1.2, 1.8 and
2.4 GPa). The resultant product is a shiny solid pellet as shown as
inset in Fig. 2a. A representative low magnification SEM image of
the pellet is shown in Fig. 2a. The highmagnification image (Fig. 2b)
shows interconnected stacked structures. The 70 tilted SEM image
(Supporting Information, Fig. S4) and AFM map (Fig. 2c) confirms
the absence of any surface irregularities and voids. The mean
roughness and peak roughness of the pellets decreases from 34 nm
to 7 nm and 650 to 300 nm, as we increase the load from 5000 to
15000 kg (supporting information). On further increase of loading,
the mean roughness remains constant, whereas the peak rough-
ness increases sharply, which can be attributed to the agglomera-
tion of 2D sheets. As we increase the compressive load (from 5000
to 20000 kg) the density of the pellet changes from 0.57 gm/cc to
0.59 gm/cc as shown in Fig. 2d. Further increase of load reduced
density to 0.52 gm/cc. These 3D solid blocks have ¼th the density of
graphite, i.e., it has 75% porosity. The contact angle of pellets also
follows the density trends. It varies from as 26, 52, 74 and 41 for
an applied load from 5000, 10000, 15000 and 20000 kg respec-
tively. The above surface profile explains the trend observed in
contact angle and density measurements. The contact angle of
graphene also depends on the separation distances among the
graphene sheets, as described in Supporting Information Fig. S5.
The percentage reflection of the product pellets is shown in
Fig. 2e. The graphene-based 3D solid structure shows a reflection of
20e40% (inset shows digital image) as compared to zero percent
reflection of the solid structure of CNT and r-GO (inset in black
color). The shiny color is stable and does not change even if we treat
it in water. The room temperature resistivity measurements of the
3D graphene pellets are shown in Fig. 2f. The resistivity remains
low till 10000 kg but on further increasing load, it increases, which
can be attributed to the agglomeration or cracks of the 2D sheets
interconnects. At higher temperatures, the resistivity decreases as
shown in Fig. 2g, this is due to the higher rate of atomic diffusion
resulting in sintering of the graphene sheets. The resistance de-
creases with temperature, which is indicative of a non-metallic
behaviour.
A detailed macroscopic and microscopic mechanical testing of
the 3D graphene-based solid structure was performed. The pellet
prepared using increasing load results in higher stiffness and rea-
ches a maximum at 6000 N/m (Fig. 3a). The graphene pellet
(15000 kg load sample) is compressed with a strain rate of 0.001/s
and compared with that of commercial graphite (3mm diameter)
as shown in Fig. 3b. The 3D solid graphene pellet (~0.6 gm/cc) has
35MPa ultimate strength, which is 3.5 times larger than that of
graphite electrodes (~2.2 gm/cc). From the SEM image of the
graphite fracture surface (Supporting Information Fig. S6), we
observe that the graphite fractures via layer by layer shear forma-
tion. In contradiction to this, the 3D graphene solid block fractures
through layer-by-layer sliding [19,26]. The above deformation
behaviour is further confirmed using high magnification SEM im-
ages in Fig. 3d. The shear band with voids in-between the layers
indicate that the sliding of sheets and the interlocking of layers are
the major reasons for the large plasticity and strength. The sub-
surface of the fracture surface shows crack diversion and hindrance
using graphene sheets (Fig. 3e).
In order to further confirm this local deformation of the gra-
phene 3D block, in-situ nano-indentation measurements inside
SEM using different loads are performed. The load vs. depth curve
for three different maximum loads 500, 2000 and 5000 nN are
shown in Fig. 3f. The modulus calculated from the unloading curve
is 6± 0.1 GPa. The loading curve shows several pile up regions
indicated by the arrows. The low load indentation also shows such
kind of pile up as shown in the inset. The SEM image near the
indent shows pile of graphene sheets and absence of crack origi-
nation or propagation (Fig. 3g). The high magnification image near
the pile up region shows interlocking of graphene sheets and in-
terconnections remaining unchanged (as shown in schematic
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Fig. 3i). The high magnification SEM image of the sheet shows that
the graphene sheets stick together near the pile up (Fig. 3hei)
(shown in video S1). To further confirm the structural integrity of
the 3D architecture, the pellet is dissolved in hotwater (as shown in
(Supporting Information Fig. S6 and video S2). The sample is stable
for 5 h and does not change even during stirring. The weight gain
measured at different interval does not also show any measurable
change. It clearly confirms the stable interlocking of graphene
sheets.
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2018.03.049.
Tuning mechanical and electrical properties as a function of
density is very important for structural applications. A comparison
of fracture strength, elastic modulus and electrical resistivity of
different types of polycrystalline graphite, current material and
other recently developed graphene-based 3D architectures (gra-
phene-based foam and paper), as a function of density are shown in
Fig. 4aeb. The mechanical properties of graphite (yield strength
and elastic modulus (shown as inset)) decrease (from 180 to
80MPa) and (from 10GPa to 3 GPa) as we decrease the density of
graphite from 2 to 1.5 gm/cc. The graphene-based 3D foam (Y and a
in Fig. 4a) with ultralow density ~0.01 gm/cc shows a strength
~1MPa, whereas graphene-based paper (d in Fig. 4a) with higher
density (~0.6 gm/cc) shows a yield strength of 40MPa. The current
material (b) shows a yield strength and elastic modulus, which are
1/3rd and 1/4th of density of graphite, respectively. The above re-
sults clearly indicate that making density controlled graphene-
based materials using bottom up approach has better advantages
in comparison to bulk graphite and other CNTs, graphene-based
porous materials. The resistivity of graphite increases linearly
with the decrease of density, as shown in Fig. 4b. The recently
developed low density CNT, graphene-based porous 3D architec-
ture shows very high resistivity, shown as a and Y. On the other
hand, current chemically connected graphene-based architecture
shows 12mU-cm. The interconnections of graphene having
electrical conductivity similar to metal and four times strength/
density than that of graphite. The Ashby map of strength-density
and strength-resistivity for different materials and the current
material is shown in Fig. 4ced. The structural importance of a
material is determined by materials index (yield strength or elastic
modulus divided by density). The density of the 3D carbon struc-
ture is lower as compared to natural materials and polymers with
an order of magnitude difference in modulus values. The current
materials synthesized using bottom up approach leads to a new
class of materials, which can fill the gap in materials index map.
Other 3D architecture construction techniques lead to insulating
materials due to poor contact and high porosity, our method pre-
sents a well-connected 3D architecture, which has very low re-
sistivity due to better interconnectivity. It has similar strength as
compared to metals but with lower conductivity.
To shed light on the chemical interaction between the func-
tionalized graphene sheets we performed a DFT-based first prin-
ciples calculations using the SIESTA code [27]. The structural model
considered two chemical functional groups: carboxylic acid and
hydroxyl, in two in two different configurations, as shown in
Fig. 5aeb. In the non-aligned case (Fig. 5a), decreasing the inter-
layer distance up to a critical value (~5.1 Å) increases the functional
groups interactions between opposite functionalized graphene
sheets and results in a more stable configuration with the forma-
tion of a CO2 molecule (Fig. 5c-insets). In the second case where the
functional groups are well aligned (Fig. 5b), bringing together the
functionalized sheets end up in a more stable configuration
releasing H2O and CO2 molecules, as shown in Fig. 5c-insets. The
reaction in the case of aligned functional groups is consistent with
our mass spectrometric measurement (Fig. 1). The combination of
both cases can lead to chemical interlocking between functional-
ized graphene sheets, which might be responsible to the observed
higher electrical conductivity and reflection. These chemical in-
teractions lead to a stick slip deformation, which results in high
strength and ductility [28-29].
Fig. 2. (a) Low magnification SEM image from the pellet showing the absence of void and cracks. Inset shows room temperature isostatic pressed sample at 5000 kg load, shiny
product and its size compared to one-dollar cent coin (200 mm scale bar), (b) High magnification SEM image of the pellet (2 mm scale bar). (c) AFM 3D profile shows well-connected
graphene sheets without any void (d) Density and contact angles under different compressive loads of the mixture of the G-COOH and G-OH. (e) Percentage reflection of 3-D
graphene pellet and compared with CNT and reduced graphene oxide at same load. The inset shows a digital image of the pellet and compared to black (zero percent) reflec-
tion of the solid structure of CNT and r-GO (inset in black color). (f The resistivity of the 3-D compressed pellet at room temperature, inset showing the contact geometry. (g) The
resistivity of the 3-D structure processed at different loads at different temperatures. (A colour version of this figure can be viewed online.)
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Fig. 3. (a) The stiffness of the room temperature pressed samples using 5000, 10000, 15000 and 20000 kg load, (b) Engineering stress vs. strain plot of commercial graphite and the
3D solid graphene pellet (~0.6gm/cc) has 35MPa ultimate strength as compared to 10MPa strength of graphite electrode (~2.2gm/cc), (c, d) Low and high mag SEM images of the
solid block fracture caused by resistive layer by layer sliding (20, 1 mm and 10 mm scale bar) (e) The subsurface SEM image of the fracture showing crack diversion and hindrance by
graphene sheets. (f) Load vs. depth curves inside SEM nanoindentation using different loads, (g) SEM image near the indent showing of graphene pile and absence of cracks (h) High
mag SEM image near the pile up showing graphene sheets sticking near the pile up (1 mm scale bar), (i) Schematic of the proposed mechanism for interlocking of graphene. (A
colour version of this figure can be viewed online.)
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Fig. 4. (a) Variation of strength as a function of density for graphite (blue point fitted with dotted line), d (graphene paper), U (CNT architecture), a and Y (graphene based foam) and
b (current 3D architecture), inset shows the variation of elastic modulus as a function of density. (b) Variation of electrical resistivity as a function of density for graphite (blue point
fitted with dotted line), U (CNT architecture), a and Y (graphene based foam) and b (current 3D architecture) (c) Ashby map of Young's modulus (in GPa) vs. density (mg/m [3])
showing the presence of current material compared with a different class of materials. (d) Strength vs. electrical resistivity map of different materials and marking current 3D
graphene-based materials. (A colour version of this figure can be viewed online.)
Fig. 5. (a, b) Two geometries used for DFT calculations. (Top and side view of the structure). (c) Energy variation as a function of interlayer distance between the graphene sheets
with aligned and non-aligned functional groups. (d, f) The possible mechanism of graphene interconnection proposed in current work. (d) Graphene sheet with two different
functional group can come closer and the chemical interaction between these chemical species can give rise to interlocking (e) and interconnection (f). (A colour version of this
figure can be viewed online.)
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A combination of theoretical and experimental study shows that
combining two different functionalities on graphene gives rise to a
condensations reaction and chemical interconnections. The spec-
troscopy and microscopy studies reveal that during mechanical
grinding the graphene with COOH and OH functionalities undergo
condensation reaction and stacking of sheets on top of each other
(as shown using schematic of Fig. 5def). Utilizing the chemical
interaction of functional group, themixed samples sintered at room
temperature under different loads give rise to different densities.
The mechanical properties under compression and indentation
show two-three fold increase in fracture strength and stiffness of
the 3D graphene-based architecture as compared to commercial
graphite (as shown in Fig. 5def). The highly interconnected gra-
phene structure shows a new low temperature approach to the
production of 3D graphitic materials from 2D graphene building
blocks.
Interconnecting nanomaterials with help of energy efficient
process is one of key interest for green synthesis. The conventional
high temperature sintering as well as recent SPS or microwave
sintering process needs high energy and these changes the basic
materials depending on processing conditions. The processing of
highmeltingmaterials such as graphene or ceramics becomesmore
challenging, at the same time shaping of thesematerials are limited
by availability of inert mold. The current study of interconnecting
nanomaterials (e.g. graphene) opens new approach to build ma-
terials with help of energy efficient and easily scalable simple
technique. It can help in energy saving as well as shaping graphene
into complex parts. Due to room temperature synthesis the basic
properties of nanomaterials remain unaltered.
4. Conclusion
In conclusion, we demonstrate an energy efficient technique for
consolidation of 2D graphene sheets at ambient temperature using
mechanochemical reaction. The chemical functional groups on
graphene layers helps these to chemically interconnect at room
temperature, which results in porous three-dimensional graphitic
structures with tunable mechanical and electrical properties.
Consolidated graphene solid (CGS) is conductive, reflective, hy-
drophobic and stable at elevated temperature. It has a 1/4th of
density and three-time strength as compared commercial graphite.
Nanoindentation experiments show a high modulus of 6 GPa.
Depending on consolidation condition, we can tune the density,
porosity and hence strength and conductivity. The current
mechano-chemistry technique can also be extended to other 2D
materials (such as hBN and TMDs etc) to build 3D architecture using
easily scalable, simple also less energy efficient process. It can also
beneficiate the additive manufacturing of graphene and 2D mate-
rials based materials for various application in electronics, struc-
tural and biomedical applications.
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3. Mechanical Properties of 2D Materials
In this chapter I present a set of works related to the mechanical properties of transition metal
dichacogenides (TMD) and their vertical and in-plane heterostructures.
In sections 3.1 and and 3.2, few-layers systems of WSe2 and MoSe2 were studied. In the
experimental procedure, the few layer samples (1 to 4) of WSe2 or MoSe2 had the layers peeled
off one by one. The researchers observed that a single monolayer sample had higher friction than
samples with 2 and 4 layers, when the top layers of the latter were being peeled. As the differences
in force are very hard to detect experimentally, I carried out molecular dynamics simulations,
considering systems consisting of 1, 2, 3 and 4 of WSe2 (or MoSe2) to gain further insights on
these friction characteristics.
Stretching and bending methods are currently being used to deform TMD materials to under-
stand and finetune their properties. Another strategy to modify the behavior of these structures is
by vertically stacking different combinations of TMD. In section 3.3 monolayers of WS2 stacked on
a monolayer MoS2 were considered. To understand better the experimental results obtained with
Raman spectroscopy as well as with scratching experiments, I performed fully atomistic molecular
dynamics simulations of the vertical heterostructure MoS2/WS2.
Another possibility for the combination of TMD is by substituting the atoms (either the tran-
sition metal or calchogen) by different chemical elements in a pristine matrix. In section 3.4, the
mechanical properties of a monolayer of MoS2 with variable number of W atoms substituting the
Mo atoms were studied. The experiments were performed with a single proportion of 40 % of
W atoms. In order to see the effect of different amounts of W, I conducted molecular dynamics
simulations with 20 and 40 % of W substitutional on the MoS2 matrix, as well as the pristine layer
of MoS2 and WS2, and compared the enhancement of the young modulus and ultimate strength
that the substitutions provided.
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1. Introduction
There has been growing demand for novel 
semiconducting materials that can break the 
fundamental scaling limit of silicon-based 
transistors, improve energy efficiency in devices, 
or provide them transparency and flexibility [1, 2]. 
Two-dimensional (2D) semiconducting materials 
with atomic thickness have emerged as potential 
candidates to fulfil these requirements [2–4]. In 
particular, the transition metal dichalcogenides 
(TMDs) have attracted extensive attention due to 
their excellent electronic, optical and mechanical 
properties [5–7]. Semiconducting TMDs possess 
sizable bandgaps that are tunable from indirect 
to direct ones depending on the number of layers, 
allowing various applications in electronic and 
optoelectronic devices [5–8]. Furthermore, their 
monolayer forms exhibit unique functionalities 
associated with electronics and spin degrees of 
freedom, thereby providing novel device concepts 
beyond conventional silicon-based devices [2–8].
In recent years, diselenides have attracted a lot of 
attention due to their extraordinary optical tunabil-
ity, catalytic and functional properties [9–11]. Among 
selenides, WSe2 and MoSe2–WSe2 heterostructure 
have especially attracted a lot of attention due to 
their semiconductor bandgap value, easy synthesis, 
high reactivity, etc [12, 13]. There are several reports 
addressing their bandgap correlation with size, thick-
ness, and structure for optical and functional applica-
tions [14–19].
Lately strain engineering or defect engineering 
methods were used to tune the electronic proper-
ties of TMDS [6, 11, 20–27]. Stretching and bending 
methods can be used to deform 2D structures [23, 28]. 
Wu et al adopted argon plasma radiation method 
to induce defects in WSe2 monolayers and reported 
new PL emission [29]. Researchers also used atomic 
force microscopy for strain engineering [21, 26, 
28, 30]. However, to optimise the experimental condi-
tions for local strain engineering, one should know the 
mechanical properties or deformation characteristics 
of TMDs. There have been reports on the mechani-
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cal  properties of as-exfoliated and sputtered two 
dimensional materials (2D) such as graphene, TMDs 
etc. using techniques like friction force microscopy 
[31, 32]. Lee et al first adopted atomic force microscope 
(AFM) based nanoindentation technique to deter-
mine the elastic properties of suspended graphene 
sheets [33]. Recently, Liu et al reported the modulus of 
MoS2 and WS2 2D structures [28]. Some of the recent 
reports suggest that, the elastic properties of CVD 
grown  samples are significantly different than that 
of the as-exfoliated ones [34]. Despite the popular-
ity of TMDs 2D structures, little is known about the 
deformation characteristics of 2D WSe2 structures. 
A detailed understanding of their mechanical behav-
iour is essential to the effective design and fabrication 
of WSe2-based devices. In the present work, we study 
the deformation and friction properties of chemical 
vapour deposition (CVD) grown WSe2 and WSe2–
MoSe2 heterostructure using a nanoscratch tester 
equipped with high resolution scanning probe micros-
copy (SPM) and Raman spectroscopy. Combining 
Raman, PL spectroscopy and nanomechanical testing 
in a single platform enables chemical and mechanical 
mapping at small length scales, without any interac-
tion from imaging techniques (such as e-beam). To 
gain further insight on some of these aspects we have 
also carried fully atomistic molecular dynamics (MD) 
simulations.
2. Experimental details
WSe2 sheets were synthesized using selenium and 
tungsten oxide (WO3) as precursors. The growth 
was performed at 900 °C in quartz tube with one-
inch diameter under atmospheric pressure. A SiO2/Si 
substrate was cleaned with the use of Piranha solution, 
and then was placed face down with respect to the WO3 
powder (45 mg, 99.9%, Sigma Aldrich) in alumina boat 
at the center of the furnace. Selenium powder (>2 g, 
99.99%, Sigma Aldrich) was placed to upstream at the 
edge of the furnace. A mixture of H2 and Ar carrier 
gas (15% for H2) was purged through the furnace at 
100 sccm prior to the reaction. The furnace was then 
ramped to 900 °C in 25 min and then held at 900 °C for 
20 min. The furnace was then turned off and naturally 
cooled to room temperature (RT).
Lateral hetrostructures of MoSe2/WSe2 were grown 
in two steps. MoSe2 sheets were first grown from sele-
nium and molybdenum oxide (MoO3) (10 mg, 99.9%, 
Sigma Aldrich). The growth of MoSe2 was similar to 
the WSe2 growth. The reaction temperature was set 
to 750 °C instead of 900 °C. The as-grown MoSe2 on 
a SiO2/Si substrate was subsequently transferred to 
another CVD system for the WSe2 growth.
The as-grown WSe2 sheets were then transferred 
to a TEM grid by using poly (methyl methacrylate) 
(PMMA)-based techniques. Initially, a PMMA film was 
spin-coated at 3000 r.p.m. for 45s on the top of the as-
grown WSe2 samples on the SiO2/Si wafer. The samples 
were then immersed into 0.1 M KOH solution to etch 
the SiO2, allowing the WSe2-coated PMMA to be lifted 
off the wafer. The WSe2/PMMA was then transferred to 
deionized water several times, and finally onto a TEM 
grid and dried in air. Following the dry process, the 
TEM grid was immersed in acetone for 20 min and then 
2-propanol for 20 min to remove PMMA residuals.
Raman and photoluminescence (PL) measure-
ments were carried out using Renishaw inVia Raman 
microscope using unpolarised 532 nm laser. The laser 
spot size was ~1 µm. The spatial resolution of Raman 
and PL maps were 1 µm  ×  1 µm. The power of the laser 
was set to 20  ±  2 µW for Raman measurements. While 
for photoluminescence measurements 6  ±  2 µW 
laser power was used. The Raman maps were processed 
using Wire 4.4 software. A polynomial function was 
used to subtract the spectral background. The WSe2 
monolayer spectra were fitted using a Lorentzian 
function. While MoSe2–WSe2 heterostructure spec-
tra were fitted using mixed Lorentzian and Gaussian 
function. Local deformation on TMDS were induced 
using SPM based Hysitron Ti 980, nanoscratch tester 
(Bruker Nano Surfaces, USA). The schematic of the 
experimental configuration is shown in figure 2(a). 
A three-plate capacitive 2D transducer assembly with 
0.1 nm displacement and 20 nN force noise floor was 
used to apply normal load and measure lateral force 
and displacement. The force is applied to the trans-
ducer electrostatically. Using applied normal load (FN) 
and measured lateral force (LF), the coefficient of fric-
tion was estimated (µ  =  LF/FN). A diamond Berkovich 
probe with tip apex radius of 100 nm, was used for 
nanoscratch experiments. Figure 2(b) shows the load 
function used during nanoscratch. Post scratch surface 
profile was recorded to estimate the permanent defor-
mation. Nanoscratches were performed at different 
normal loads (30–300 µN) and scratch lengths (5–15 
µm). The lateral force was calibrated by perform-
ing scratch in air. High resolution SPM images were 
recorded before and after scratch test. A fiber optics 
coupling was used to integrate Raman laser with nano-
scratch system. Post scratch the samples were moved 
towards Raman optics using high precision X-Y trans-
lation stage (step Resolution 50 nm).
Fully atomistic simulations were performed for 
this work using the LAMMPS code [35]. The universal 
force field [36] was used to describe nonbonded inter-
actions between atoms pertaining to different layers 
of WSe2/MoSe2, as well as silicon substrate layer inter-
action. For bonded interactions within each WSe2/
MoSe2 layer the Stilling–Weber potential was used 
[37]. The area of the layer considered for the calcul-
ations were 5  ×  5 nm2. The size independence was 
verified by calculating the force per atom over three 
different WSe2 cell sizes. The systems (WSe2 or MoSe2) 
consisted of different number of layers, as depicted in 
figure 5(a). The initial configurations were first optim-
ized by a steepest-descent algorithm and then ther-
malized using a NVT ensemble (constant number of 
2D Mater. 4 (2017) 045005
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particles, volume and temperature) for 300 ps with a 
Nosé–Hoover thermostat [38] and time steps of 1 fs. 
After thermalization, two types of simulations were 
carried out.
For stretching simulations, the box was increased in 
one determined direction along the layer surface, with 
all the atoms having their atomic positions updated. 
The strain rate was 0.002 Å fs−1. For the sliding simula-
tion, a harmonic potential was applied to the top most 
layer. This was made by allocating a spring between the 
layer and a reference point to provide the pulling direc-
tion. The used spring constant was 1 eV Å−2 and the 
sliding velocity was set to 1 Å ps−1. In this way, the force 
required to start the sliding movement was recorded.
3. Result and discussion
Figures 1(a)–(c) shows representative optical images of 
single, bilayers and multilayers of WSe2. The typical size 
of the sheet is several tens of microns. In figures 1(b) 
and (c), the yellow regions correspond to multi layered 
WSe2. The WSe2 samples were first characterized by 
Raman/photoluminescence (PL) spectroscopy. Raman 
spectra recorded using 532 nm laser on monolayer 
WSe2 is shown in figure 1(d). Two prominent peaks 
were observed at 250 cm−1 (corresponds to E′ and 
′A1 modes of WSe2) and 258 cm
−1 (2LA mode).The 
LA mode, expected to appear ~130 cm−1 that is 1/2 
the wavenumber of 2LA mode and it can be used as 
a measure of defect density in monolayered TMDs 
[39, 40]. The monolayered WSe2 samples showed very 
weak LA band, indicating lower defect density or high 
quality [13]. The PL spectrum acquired from the same 
domain (figure 1(d) inset) exhibits a strong peak at 
1.61 eV, which is attributed to the A exciton emission 
in WSe2 monolayers [41–43]. Transmission electron 
microscope (TEM) images and selected area electron 
diffraction (SAED) patterns of the samples are present 
in figures 1(e)–(h). The low magnification bright field 
TEM image shows thin large sheets with few defects. 
The high resolution TEM (HRTEM) image at the 
edge of the sheet shows single layer (figure 1(f)). The 
HRTEM image at the edge of the thicker sheets reveals 
multilayer of the WSe2, which is further confirmed 
using SAED pattern (0 0 0 1 orientation), as shown in 
inset of figure 1(g). Figure 1(h) shows HRTEM image 
of the single sheet of hexagonal lattice (lattice distance 
of 0.3 nm) of WSe2, which confirm the high quality 
of the atomically thin sheet. The low magnification 
atomic force microscopy (AFM) image shows 
uniform thickness of the sheet (figure 1(i)) and the 
line profile (figure 1(j)) at the edges of the sheet shows 
~0.6  ±  0.12 nm thickness, which corresponds to a 
monolayer. Previously a thickness of ~0.7 was reported 
for monolayered WSe2 [38]. The x-ray photoelectron 
spectroscopy (XPS) analysis of the sample confirms 
that the W and Se peaks correspond to WSe2.
To understand the deformation characteristics of 
few layered WSe2 layers, we first performed progressive 
nanoscratch tests at a fixed location on multi layered 
sample. At each pass, normal load was increased (from 
30 to 300 µN) and surface topography variations 
were recorded. Figures 2(c) and (d) shows the high-
resolution SPM images recorded post scratch (at 200 
µN and 300 µN, load). As seen in figure 2(c), the lay-
ers were stacked at different orientations. The height 
of the top triangle was 2.8 nm (~4 layers). The line 
profile is shown in figure 2(d) inset. Figure 2(e) shows 
the line profile recorded from the scratched region. At 
100 µN, a permanent deformation is seen on top layer 
and the measured scratch depth was ~0.4 nm. Up to 
200 µN the permanent deformation was limited to 
top 4 layers (scratch depth 2.5 nm) and no pile up was 
observed at the edges of the scratch (figure 2(e)). How-
ever, above 200 µN (~9.5 GPa pressure) rupturing of 
the layers resulted in direct contact of the indenter and 
the substrate. The top 4 layers and the bottom layers 
had orientation difference (marked by red and yellow 
 triangles in figure 2(c)). It is possible to have different 
stacking at yellow and red triangle interface (due to 
orientation difference) [10, 44, 45]. When the normal 
load was increased to 300 µN, the whole WSe2 stack got 
ruptured.
To understand the deformation and friction char-
acteristics of atomically thin WSe2 layers, nanoscratch 
tests were performed on monolayer WSe2 samples (on 
SiO2/Si). Figure 2(f), SPM image shows the scratch 
(100 µN load) on WSe2 monolayer. Figure 2(g), shows 
the higher magnification scratch grove SPM image. 
Variation of friction coefficient along scratch length 
is shown in figure 2(h). In the beginning the friction 
was high (~0.2) as the indenter displaced laterally, the 
friction dropped (<0.1). As expected, the deforma-
tion characteristics of the monolayered samples were 
different than that of the multi-layered WSe2 sam-
ples. The scratch width at 100 µN load on monolayer 
sample was 0.7 µm. While, the multi layered sample 
showed a scratch width of 0.28 at 100 µN (figure 2(e)). 
In monolayered sample, along the scratch length the 
grove width increased slightly and debris were seen 
at the end of the scratch. The scratch width is much 
larger than the expected contact diameter for a 100 nm 
radius diamond indenter. Further to test if/whether 
the friction characteristics are direction dependant, 
the scratch direction on the sample was changed by 
rotating the sample by 90 degrees. The SPM image of 
the second monolayer WSe2 sample (100 µN load) is 
shown in figure 2(j). The high-resolution SPM image 
and the line profile of the deformed monolayer WSe2 
surface is shown in figures 2(k) and (l). The line pro-
file of the scratch (figure 2(l)) has 0.7  ±  0.05 nm depth 
and 0.8 µm width. The magnified SPM image also 
showed material pile up at the edges of the scratch. 
Variation of friction coefficient, along the scratch 
length is shown in figure 2(m). A single layer WSe2, 
has friction coefficient of 0.15  ±  0.03, while Si/SiO2 
substrate showed friction coefficient of 0.31  ±  0.04. 
Frictional anisotropy was reported earlier for other 
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2D  mat erials (Graphene, MoS2) [46, 47]. For example, 
in graphene, higher energy dissipation was observed 
along armchair direction [47]. Since current study was 
performed using a berkovich probe (which had higher 
tip radius than AFM tips) it is difficult to estimate 
direction dependency quantitatively. However, from 
figures (f)–(m) one can say that both deformation and 
friction characteristics are noticeably different in two 
directions. Figure 2(n) shows the optical micrograph 
of two interconnected monolayer WSe2 sheets with a 
mis-orientation of 34.2°. Friction tests were performed 
at the inter layer boundary. Figure 2(o) shows the SPM 
image of the scratches (100, 300 µN). A representative 
friction trace is shown in figure 2(p). As the indenter 
moved across the boundary a variation in friction was 
observed (0.16–0.8).
Friction coefficient recorded from different layered 
specimens are summarised in figure 2(q). A schematic 
illustration of the interconnected and single layer 
WSe2 sheets are shown in figures 2(r)–(t). In case of 
stacked WSe2, with decreasing number of layers, an 
increase in friction was observed. Higher friction in 
monolayered samples suggests larger energy dissipa-
tion during sliding. The observed layer dependency of 
Figure 1. (a)–(c) Optical image of atomically thin 2D sheet of three different thickness. (a) Monolayer, (b) bilayer and (c) multi-
layer. (d) Raman and PL spectra (inset) recorded from monolayer WSe2 sheet. (e) Bright field TEM image of monolayer (f) HRTEM 
image at the edge of the sheet (g) the HRTEM image at edge and SAED pattern of 0 0 0 1 orientation of the multilayer sheet. (h) 
HRTEM image of monolayer WSe2 sheet. (i) AFM micrograph showing single layer WSe2 (j) AFM micrograph and the line profile 
recorded at the edge showing thickness of single sheet. (k)–(m) XPS spectra of monolayer WSe2.
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friction was similar to the one reported for graphene or 
molybdenum disulphide (MoS2) [31, 32]. It is impor-
tant to note that, the friction trend with number of 
layers were consistent at different experimental con-
ditions such as humidity or dry nitrogen atmosphere 
[31]. Lee et al proposed a model (puckering effect) 
to explain the friction strengthening of monolayered 
structures [31]. Even though the 2D sheets have higher 
in plane stiffness, their bending stiffness makes them 
to deform locally (out of plane) during indenter sam-
ple approach. Such local out of plane deformations 
(known as puckering effect) increases the contact area 
and friction [31]. The contact area in case of Berko-
vich probe will be larger than the one forms during 
AFM tip-sample interaction. Tip sample adhesion 
and local out of plane deformation will lead to much 
larger contact area. The observed larger scratch width 
(figures 2(g) and (k)) is due to the breaking of bonds 
at the periphery of the contact. Study by Zhang et al 
showed that, suspended WSe2 membranes were capa-
ble of withstanding ~7.3% strain [34]. However, when 
transferred into a substrate, the deformation of single 
or few layered samples may be effected by the underly-
ing substrate.
Figures 3(a) and (b) shows the PL and Raman 
maps recorded from two different WSe2 monolayers 
after scratch (at 100 µN). The PL spot spectra recorded 
at the 100 µN, scratch centre was broad and less intense 
(figure 3(a), inset). The PL energy and Raman inten-
sity maps (figures 3(a) and (b)) confirms the presence 
of WSe2 at the centre of the 100 µN scratch. However, 
the intensity of the 250 cm−1 band (figure 3(b)), at the 
centre of the scratch was lower than the outside region. 
The normalized intensity Raman spectra (normalised 
Figure 2. (a) Schematic showing the experimental configuration. The diamond indenter was used for both scratching and SPM 
imaging. Post scratch, a motorised stage moves the sample to Raman laser position. (b) Load function used for nanoscratch, showing 
variation of normal load and indenter lateral position as a function of test time. (c) SPM image recorded from a multi-layered 
WSe2, after 200 µN scratch. The layers were stacked at random orientation. (d) SPM image of 300 µN scratch on multi-layer sample. 
The inset shows the line profile recorded from the edge. (e) Line profile recorded from the multi-layer sample at each pass. The 
profile location is marked by a dotted line in (c). The white arrow mark indicates the scratching direction. (f) SPM micrograph of 
monolayer WSe2, showing 100 µN scratch (along Y). (g) Higher magnification image recorded from scratched region in (f). (h) 
Friction data corresponding to the scratch shown in (f). (i) Line profile recorded across 100 µN scratch (marked by a dashed line 
in (g)). (j) SPM image of 100 µN scratch (along X) on monolayer WSe2. (k) Higher magnification SPM image showing material 
pile-up at the edges of the scratch. (l) and (m) Line profile and friction data corresponding to the scratch showed in (j). (n) Optical 
micrograph of two interconnected WSe2 layers. (o) SPM image showing the scratches performed across the boundary of two inter 
connected WSe2 sheets. (p) Variation of friction across the inter layer boundary. (q) Comparison of friction coefficients recorded 
from different layered WSe2. (r) Schematic showing inter-connected layers. (s) and (t) Schematic representation of the scratch along 
two orientations (arm chair and zigzag).
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to the region 1, 250 cm−1 band intensity), recorded 
across the scratched region (marked as 1–4) are shown 
in figure 3(c). Figure 3(c), inset shows the zoomed in 
LA mode spectra. A slight increase in LA band was 
observed at the scratch centre, indicating presence 
of defects. The nanoscratch involves breaking of W 
and Se bonds. Figure 2(i) showed, scratch depth of 
~0.4 nm at 100 µN load. Which was less than the WSe2 
layer thickness (~0.6 nm), indicates partial damage of 
the layer or permanent deformation at 100 µN load. 
Raman spectra are sensitive to strain. With strain, the 
E′ band was expected to show frequency shift. In case 
of monolayer WSe2, E′ and ′A1 modes appear as a single 
peak at ~250 cm−1 (frequency degenerate) and it is dif-
ficult to resolve the strain induced E′ band shift from 
~250 cm−1 peak position. However, the FWHM of 
the ~250 cm−1 peak, can be used to estimate the strain 
effect qualitatively. Figure 3(d) shows the FWHM 
variations in scratched monolayer WSe2. As we moved 
closer to the scratch, the FWHM of ~250 cm−1 peak 
increased and it was maximum at the scratch centre. 
Figure 3(e) shows the optical micrograph recorded 
from two inter-connected WSe2 layers. Raman and PL 
recorded from the interlayer boundary are shown in 
figures 3(g)–(i). PL spot spectra recorded from 300 µN 
scratch were shown in figure 3(g). Spectra recorded 
at the canter of the scratch was broad while, the ones 
recorded at the edges of the scratch were red shifted 
(regions marked as B and C). Figure 3(g) inset shows 
the deconvoluted scratch centre PL spectra. Both, 100 
µN, and 300 µN scratch centre spectra were weaker 
and broad. However, 300 µN scratch centre spectra 
blue shifted marginally. Park et al observed PL blue 
shift in WSe2 monolayer during compression (induced 
by AFM tip) [30]. During nanoscratch, the material 
underneath the indenter experiences compressive 
stress while the one at the edges experiences tensile 
stress [48]. It is believed that, the observed blue shift 
at the centre of 300 µN scratch is due to presence of 
compressive residual strain. While the red shift at the 
edges of the scratch (figure 3(g)) are due to the pres-
ence of tensile residual strain. Schmidt et al reported 
a downshift of exciton energy with uniaxial strain for 
WSe2 monolayers [49].
Low magnification Raman map recorded from 
the scratched interconnected sheets are shown in 
 figure 3(h). Raman spot spectra recorded at 5 differ-
ent location on the scratched sample are shown in 
 figure 3(i). At the centre of the 300 µN scratch (marked 
as region 3), a decrease in spectral intensity as well as a 
shoulder was observed at ~245 cm−1. Previously Desai 
et al reported splitting of monolayer WSe2 E′ and ′A1 
Figure 3. (a) PL energy map recorded from a 100 µN scratch on a monolayered WSe2 (laser power 6  ±  2 µW). The insets show, 
scratch centre PL spot spectra and the optical micrograph of the samples used for PL energy mapping. (b) Raman intensity map 
showing the distribution of 250 cm−1 band intensity (laser power 20  ±  2 µW) (c) Raman spectra recorded across the scratched 
regions of monolayer (marked as 1–4). The inset shows the zoomed in portion of LA mode. Scratch grove region showed slight 
enhancement in LA mode, suggesting the presence of defects. (d) The variation of 250 cm−1 peak FWHM at four different locations. 
(e) Optical micrograph of the interconnected WSe2 layers showing nanoscratches. (f) PL energy maps recorded from 100, 300 µN 
nanoscratches on interconnected WSe2 layers. (g) PL spectral variation in deformed and pristine region (marked as (A)–(C)).  
(h) Raman intensity map recorded from the scratched zone (laser power 20  ±  2 µW) (i) Raman spot spectra corresponding to 
regions 1 to 5 in (h). Strain induced splitting of E′ and ′A1 modes are observed in scratched region (spot 3). (j) and (k) The FWHM 
and peak position of 250 cm−1 band at five locations.
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modes at 1.04% strain [23]. The splitting of 250 cm−1 
band observed in figure 3(i) can be attributed to the 
splitting of degeneracy (result of higher load nanos-
cratch). To understand the load effect on spectral vari-
ation, a 100 µN scratch spectra (region 5) was com-
pared with, 300 µN scratch, in figure 3(i). The At 100 
µN load, only peak broadening was observed. While, 
the 300 µN scratch showed 250 cm−1 peak splitting. 
The FWHM and variation of 250 cm−1 peak posi-
tion on or near the scratched region are shown in fig-
ures 3(j) and (k). As we moved closer to the scratched 
zone, the FWHM increased, indicating larger strain.
During nanoscratch on interconnected WSe2, the 
indenter experienced different lateral force (figure 
2(p)). It is expected to have a lattice mis- match and 
defects at the WSe2 inter layer boundary (due to mis-
orientation). Different scratch widths were observed 
in layer I and layer II at a given load (marked as WII and 
WI in figure 3(f)). To understand observed differences 
in deformation characteristics, MD simulations were 
performed. First, we created a small defect on WSe2 
layer, by removing one tungsten and two selenium 
atoms. To understand the crack propagation in these 
structures, we stretched the layers (with defects) along 
two determined directions, as depicted in figure 4(a). 
Direction A generates high stress values on the set of 
bonds (depicted in red in figure 4(a)), thus causing the 
opening of the crack with armchair edges. Direction 
B generates high stress values on another set of bonds 
(green in figure 4(a)), which causes the opening of the 
crack with zig-zag-like edges. The calculated stress 
versus strain diagram for WSe2 sheets along these two 
directions are shown in figure 4(b). Even though the 
stress required to break the layers with zig-zag or arm-
chair-like edges are similar, the one that forms zig-zag 
edges (direction B) required less strain (about 2% less) 
to open and split the structure.
This behavior can be explained by looking into pris-
tine (no defects) WSe2 layers, as depicted in  figure 4(c). 
Where, we applied opposite forces on two groups 
of atoms within the layer (so that that the structure 
would be split in half). Two directions were consid-
ered (named Direction 1 and Direction 2) for splitting. 
Direction 1 makes an angle of 30º (or all the congruent 
angles) with the W–Se bonds that are being stretched 
by the applied force (the breaking of these bonds forms 
armchair-like edges). On the other hand, Direction 2 
is parallel to the W–Se bonds that are being stretched 
(their breaking forms zig-zag-like edges). Figure 4(d) 
shows the force required to break the structure. In 
direction 1, larger force values were required to break 
the structure. As seen in figure 2(p), when indenter 
Figure 4. (a) Configurations of the two systems considered for the defect propagation, with armchair and zig-zag edges. (b) Stress 
versus strain curve for both the systems. (c) Schematic, illustrating the separation of the monolayer in half. Force on direction 1 
is applied on an angle of 30° of W–Se bond. Force on direction 2 is applied along W–Se bond (d) comparison of force required to 
separate the monolayer in to half (two different scenarios).
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moved across the boundary of two interconnected lay-
ers (misfit ~34°), larger lateral force was recorded in 
first grain than the second one. This could be due to the 
formation of armchair edges in first layer. As indenter 
propagated into second layer, it experienced different 
lattice orientation and it is believed that the formation 
of zigzag edges reduced the lateral force. It is important 
to note that the lateral force measured during scratch is 
a measure of energy dissipation. Having said that, the 
energy dissipated not solely related to the breakage of 
bonds. Instead variation of contact area too effect lat-
eral force measurements [31].
The WSe2 multi layered samples showed similar layer 
dependency as that of the MoS2 or other dichalcogenides. 
Monolayered WSe2 had higher friction than 2nd and 4th 
layer samples (figure 2(q)). To gain  further insights on 
these friction characteristics, we carried out further MD 
simulations (please see the supplementary  information 
(stacks.iop.org/TDM/4/045005/mmedia)). We have 
considered systems consisting of 1, 2, 3 and 4 WSe2 lay-
ers, as depicted in figures 5(a)–(d). A force with 80° angle 
along the positive x direction was applied to the topmost 
WSe2 layer. This direction was chosen to provide a more 
realistic effect of the probe that was used on the experi-
ments and the external force was increased until the 
topmost layer detached from the rest of the system. Fig-
ure 5(e) shows that the magnitude of force required to 
detach the first layer from the substrate is larger than 2nd, 
3rd and 4th respectively, in agreement with the exper-
imental data. This suggest that the interaction between 
1st layer to substrate is stronger as compared to interlayer 
themselves (figure 5(f)). Similar observations have been 
reported for other nanomaterials, and it has been specu-
lated that this is a universal-like behaviour for nanolay-
ered materials [31]. This can also be observed by the 
calculated potential energy of the topmost layer on the 
different scenarios (figures 5(g) and (h)). We can clearly 
see a stronger (more negative energy) of monolayer in 
comparison with all the multilayer configurations. It 
should be stressed that as the interactions among the lay-
ers are mainly from the van der Waals origin (described 
by a 6–12 Lennard–Jones-type potential), they rapidly 
decrease as the distance between pair of atoms increases. 
Strongest interaction was observed between Si substrate 
and the WSe2/MoSe2 mono layers, while weaker interac-
tion was observed for WSe2–WSe2/MoSe2–MoSe2 inter-
layers. Regarding the multi-layered systems, we observed 
that the bilayer required the smallest force to detach the 
topmost WSe2 layer. In the bilayer system, the topmost 
WSe2 is already distant from the substrate, then the effect 
of the latter on the detachment is decreased, and the 
main interactions of the topmost layer are provided by 
the single WSe2 layer below it. Even though these WSe2 
interlayer interactions are smaller when compared with 
WSe2-substrate ones, the perfect lattice match between 
WSe2 layers provides a well-packed configuration of 
these systems. For 3 and 4 layers systems, we notice that 
this packing is important as the smaller distance between 
the WSe2 layers increases the interlayer interactions. This 
explains the differences on the forces (figure 5(b)) for the 
systems with 2, 3 and 4 layers.
In case of multi layered samples, weaker inter-
layer interactions facilitate interlayer shear during 
 nanoscratch. The understanding of interfacial shear in 
Figure 5. (a)–(d) Configurations of the systems. (e) Force required to pull/slide one layer of WSe2/MoSe2 from the different 
configurations. (f) Schematic showing the variation in interaction with number of layers. (g) and (h) Potential energy of the 
monolayer being pulled/slide (WSe2/MoSe2 on silicon substrate).
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case of multi layered 2D structures were far from clear 
[31, 50]. Most of the reported models were based on 
wear less AFM experiments, where the contact area 
was much smaller than 2D flakes [31, 32, 51]. In this 
study, the scratch length was comparable to the dimen-
sion of WSe2 sheet (10 µm) and the contact radius was 
much larger (~100 nm) and it is reasonable to expect 
inter layer shear in multi layered samples.
Recently researchers explored the possibility of 
using in-plane heterojunctions of WSe2 and MoSe2 
towards band engineering applications [19]. To 
explore the possibility of strain engineering within 
heterostructures, we studied the deformation behav-
iour of monolayer CVD grown in plane MoSe2/WSe2 
heterostructures. Prior to scratch testing, Raman 
maps were recorded (data not shown here) to iden-
tify location of MoSe2/WSe2. The centre region of 
the sample consists of MoSe2 while edges are having 
WSe2. During nanoscratch, the indenter encounter s 
WSe2 first followed by MoSe2. A schematic repre-
sentation of exper imental configuration is shown 
in figure 6(a). Optical micrograph of the lateral 
heterostructure is shown in  figure 6(b). Figure 6(c) 
shows SPM image recorded from scratched region 
(load:100 µN). Higher magnification SPM image 
recorded from a local region of scratch (marked by 
yellow dashed rectangle in  figure 6(c)) is shown in 
figures 6(d). Figure 6(e) shows line profiles gener-
Figure 6. (a) Schematic illustration of the experimental configuration. The nanoscratch started at WSe2 and passed through MoSe2. 
(b) Optical micrograph of the monolayered WSe2 and MoSe2 lateral hetero structure. (c) SPM image of the WSe2/MoSe2 lateral 
heterostructure showing 100 µN scratch. (d) and (e) High resolution SPM image and line profile of the nano scratch. WSe2 region 
has larger scratch width. (f) Variation of indenter lateral displacement and friction coefficient with test time. The bottom right onset 
shows low magnification Raman intensity map of scratched sample. (g) Force curves generated from WSe2 and MoSe2 region.  
(h) Raman intensity map recorded from scratched hetero junction. (i) Raman line profile extracted from line AB in (h), showing the 
composition gradient across MoSe2–WSe2 region. the inset shows the optical image corresponding to the sample used for Raman 
intensity mapping. (j) Raman line profile recorded across the scratch (line CD). (k) PL intensity map recorded from MoSe2–WSe2 
hetero junction. (l) PL spot spectra recorded from MoSe2 and WSe2 region (A) and (B). (m) deconvoluted PL spectra recorded from 
scratched region. (n)–(p) Scheme of the corresponding different scratch stages.
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ated across the scratch in WSe2 and MoSe2 region. 
Larger scratch width was observed in the WSe2 region 
(line 1). Indenter lateral displacement and variation 
of friction is shown in figure 6(f). Lower right inset 
of figure 6(f) shows low magnification Raman map 
recorded from scratched sample. Momentary increase 
in friction was observed at ~15.5 s. With the help of 
indenter lateral displacement, post mortem Raman 
and SPM image one can identify the location (within 
the scratch) where higher friction was observed. The 
higher friction region was corre sponding to WSe2/
MoSe2 lateral hetero junction. As seen in figure 6(d), 
the scratch was wider in WSe2 region. While narrow 
and shallow scratch was seen in MoSe2 zone. Young’s 
Modulus of WSe2 and MoSe2 are noticeably different. 
The observed disparity in deformation could be due 
to the difference in mechanical properties as well as 
substrate layer interaction. The current exper imental 
technique can also be used to explore the substrate 
interactions with MoSe2 and WSe2 [52]. The pro-
file force curves (force experienced during unload-
ing is an indicative of the interaction strength of 2D 
materials with substrate and indenter) are shown in 
figure 6(g). In comparison to WSe2, indenter expe-
rienced more adhesive force in MoSe2 region (figure 
6(g)). During scratching the indenter breaks weaker 
W and Se bonds and the broken WSe2 sheets recoil 
at the edges of the scratch. The wider scratch is con-
sequence of the released stored strain energy of the 
broken bonds. On the other hand, scratch near MoSe2 
region was narrower and shallower in depth. It is pos-
sible that the stronger substrate interactions prevent 
MoSe2 from recoiling (during scratch) and thus nar-
rower scratch.
With single layer MoSe2 being a n-type and WSe2 
being a p-type semiconductor, epitaxially grown 
MoSe2–WSe2 heterojunctions will be a potential can-
didate for device applications. To test if/whether the 
external deformation induced changes to the p-n 
junction, Raman and PL studies were performed on 
scratched MoSe2–WSe2 interface (figures 6(h)–(l). The 
Raman map in figure 6(h) shows the 250 cm−1 peak 
intensity distribution. The red coloured zones are rich 
in WSe2. While, blue coloured ones are corre sponding 
to MoSe2. A well-defined green coloured band was 
observed at hetero junction. Two Raman line profiles 
were extracted; one across un deformed MoSe2–WSe2 
junction and second one across the scratch (marked 
as AE and FI in figure 6(h)). As we go from MoSe2 to 
WSe2 region, the 243 cm−1 peak characteristics of 
MoSe2 gradually shift towards 250 cm−1 of WSe2  
(figure 6(i)). The optical micrograph of the scratched 
sample used for Raman and PL mapping are shown in 
figure 6(i) inset. Previous STEM studies by Huang et al 
showed a finite width and composition gradient for 
WSe2–MoSe2 heterojunctions [12]. They also showed 
slow decay of Mo atom density in WSe2 side [12]. The 
gradual transition of MoSe2 peak confirms the exist-
ence of composition gradient. Raman line profile 
recorded along CD (figure 6(j)) had composition as 
well as deformation effects. The scratch centre spectra 
(green colour) was broad and lower in intensity. The 
A′ and E′ peak (250 cm−1) was blue shifted while the 
2LA mode was shifted towards higher wave number 
(~264 cm−1). PL map generated from the scratched 
hetero junction is shown in figure 6(k). The PL maps 
too showed a gradient across lateral hetero junction. 
Two PL spot spectra recorded at MoSe2 and WSe2 
regions are compared in figure 6(l). A deconvoluted PL 
spectra recorded from scratched region (in WSe2 zone) 
is shown in figure 6(m). The spectra were broad and 
had two components (1.57, 1.6 eV). Schematics of dif-
ferent scratch/cut stages are shown in figures 6(n)–(p). 
We observed that the indenter starts cutting WSe2 (the 
softer material, 170 GPa) and it continues until reach-
ing the WSe2/MoSe2 interfaces. As it costs less energy 
to cut the weaker WSe2/MoSe2 interface bonds than 
continue straight to cut MoSe2, the scratch continues 
along the weaker interface [53]. By controlled defor-
mation one can tune the properties of lateral hetero 
structures. Present experiments demonstrated the 
capabilities of combined Raman and nanoscratch 
experiments towards the same.
4. Conclusion
The nanoscratch and Raman analysis shed light on 
the deformation behaviour of WSe2 2D structures. 
WSe2 monolayers showed friction and deformation 
anisotropy. However, more needs to be done to 
understand the friction anisotropy in WSe2. Nano 
scratch tests performed on multi layered samples 
showed layer dependency. The monolayer samples 
had higher friction than two and four layered ones. 
Nanoscratch performed on two interconnected WSe2 
monolayers showed the effect of lattice misfit on friction 
characteristics. Raman spectra recorded from the 
scratched sample showed strain induced degeneracy 
splitting in WSe2 monolayers. MD simulations showed 
preferential direction for the scratch to propagate is 
the one perpendicular to a W–Se bond and the zig-zag 
defects propagated much faster than armchair one. 
Nano scratch performed on WSe2 and MoSe2 lateral 
hetero junctions, demonstrated the possibility of using 
combined Raman and SPM based local nanoscratch 
testing for defect engineering. The experiments 
presented in this study are generic in nature and can be 
extended to study other 2D materials.
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ABSTRACT
Transition metal dichalcogenides are 2D structures with remarkable electronic, chemical,
optical and mechanical properties. Monolayer and crystal properties of these structures have
been extensively investigated, but a detailed understanding of the properties of their few-layer
structures are still missing. In this work we investigated the mechanical differences between
monolayer and multilayer WSe2 and MoSe2, through fully atomistic molecular dynamics
simulations (MD). It was observed that single layer WSe2/MoSe2 deposited on silicon
substrates have larger friction coefficients than 2, 3 and 4 layered structures. For all
considered cases it is always easier to peel off and/or to fracture MoSe2 structures. These
results suggest that the interactions between first layer and substrate are stronger than
interlayer interactions themselves. Similar findings have been reported for other
nanomaterials and it has been speculated whether this is a universal-like behavior for 2D
layered materials. We have also analyzed fracture patterns. Our results show that fracture is
chirality dependent with crack propagation preferentially perpendicular to W(Mo)-Se bonds
and faster for zig-zag-like defects.
INTRODUCTION
Two-dimensional (2D) semiconducting materials with atomic thickness have
emerged as potential candidates to improve device energy efficiency with the possibility
of being optically transparent and mechanically flexible [1-3]. One class of such
materials is transition metal dichalcogenides (TMDC), which are structures of the type
MX2, where M is metal atom (Mo, W, etc.) and X is a chalcogen (S, Se, Te, etc.).
TMDC possess non-zero bandgaps, which can be changed from indirect to direct ones
depending on the number of layers, thus allowing many interesting application for
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electronic and optoelectronic devices [4-8]. Furthermore, their monolayer forms exhibit 
unique functionalities associated with electronic and spin degrees of freedom, thereby 
providing novel device concepts beyond conventional silicon-based devices [1-3,5-8]. 
Among TMDC, selenides have recently attracted a lot of attention due to their 
extraordinary optical tunability, catalytic and functional properties [9-11]. WSe2 and 
MoSe2 heterostructures are of particular interest due to their semiconductor bandgaps,
easy synthesis and high reactivity [12,13]. There are several recent papers investigating 
selenides material properties as a basis for functional applications [14-16]. In this work 
we have investigated the mechanical properties of WSe2 and MoSe2 (single and few-
layers) structures through fully atomistic molecular dynamics (MD) simulations.  
THEORY AND SIMULATION DETAILS 
Fully atomistic MD simulations were carried out using the LAMMPS code 
[17]. The universal force field (UFF) [18] was used to describe non-bonded interactions 
between atoms belonging to different layers of WSe2/MoSe2, as well as, silicon substrate 
layer interactions. For bonded interactions within each WSe2/MoSe2 layer the Stilling–
Weber potential was used [19], parameterized from ab initio calculations [20]. The area 
of the layer considered for the calculations were 5 × 5 nm2 and the size independence 
results was determined by calculating the force per atom over three different 
WSe2/MoSe2 cell sizes. The systems (WSe2 or MoSe2) consisted of different number of 
layers, as shown in Figure 1. The initial configurations were first optimized by a 
steepest-descent algorithm and then thermalized using a NVT ensemble (constant 
number of particles, volume and temperature) for 300 ps with a Nosé–Hoover thermostat 
[21,22] and time steps of 1 fs. After thermalization, two types of simulations were 
carried. 
For the sliding simulations, we determined the force required to start the sliding 
movement by the method of steered molecular dynamics[23], where a harmonic potential 
was applied to the top most layer. This was made by creating a spring-like between the 
layer and a reference point to provide the pulling direction. The used spring constant was 
1 eV Å−2 and the sliding velocity was set to 1 Å ps−1. Experimentally, the deformation 
was induced using a SPM based Hysitron Ti 980, nanoscratch tester (Bruker Nano 
Surfaces, USA). To apply normal load and measure lateral force and displacement, a 
three-plate capacitive 2D transducer assembly was utilized. For the stretching 
simulations, the box was increased along one determined direction on the layer surface, 
with all the atoms having their atomic positions updated. The strain rate was 0.002 Å
fs−1. For the calculation of stress x strain, the values of the pressure tensor from 
simulation were used to obtain the von Mises stress. 
Figure 1. Initial configuration for the systems with (a) one, (b) two, (c) three and (d) four layers of WSe2 or MoSe2.  
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RESULTS AND DISCUSSION 
From peeling off experiments of single and few-layer WSe2 and MoSe2
structures deposited on silicon substrates [24], it was observed that single layer 
WSe2/MoSe2 have larger friction coefficients than 2, 3 and 4 layered structures. In order 
to understand this behavior from an atomistic point of view, we build structural models 
consisting of 1, 2, 3 and 4 WSe2/MoSe2 layers, as shown in Figure 1(a)–(d).  
A force at 80° angle (in relation to basal layers) along the positive x direction is 
then applied to the topmost WSe2 (or MoSe2) layer in each setup configuration. This 
direction was chosen to provide a more realistic effect of the probe that was used in the 
peeling off experiments [24].  The external force is continuously increased until the 
topmost layer detaches from the rest of the system (layers and/or substrate). After 
equilibration, we observed that the adherence among layers and/or layers and substrate 
was robust, with very little movement of the flakes. The top layers of each system were 
then peeled off as shown in Figure 2 for the cases of 1 and 4 layers. 
Figure 2. MD snapshots of the peeling off processes at different stages, for 1 (left) and 4 layers (right). 
The layer detachment patterns are very similar, regardless of the number of 
layers and for all cases it is easier to peel off MoSe2 structures. The main difference 
resides in the force value required to induce the detachment in each case, as shown in 
Figure 3(a). As we can see from this Figure, the magnitude of forces required to detach 
the first layer from the substrate is larger than 2nd, 3rd and 4th respectively. This is 
consistent with the available experimental data [24].
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Figure 3. (a) Bar plot of force required to peel off one layer of WSe2/MoSe2 in the configurations shown in Figure 1. 
Potential energy as a function of simulation time of the monolayers being peeled off from silicon substrate (b) WSe2; (c) 
MoSe2. 
Figure 4. (a) Scheme of the defect/crack propagation, with armchair and zig-zag edges. (b) Stress versus strain curves 
(directions A and B).  (c) Scheme of the induced fracture. Directions 1 and 2 refer to the applied force at a 30° and 0° 
angle with relation to W–Se bond, respectively. (d) Force as a function of simulation time (directions 1 and 2) for the 
fracture processes. 
This can also be analyzed from the calculated potential energy of the topmost 
layer on the different scenarios (Figure 3(b,c)). As we can see from this Figure a larger 
energy value is necessary to peel off the monolayer cases in comparison to all multilayer 
configurations. It should be stressed that as the interactions among the layers are mainly 
van der Waals ones (described by a 6–12 Lennard–Jones-type potential), they rapidly 
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decrease as the distance between pair of atoms increases. These results suggest that the 
interaction between 1st layer and the substrate is stronger in comparison to interlayer 
interactions themselves. Other 2D nanomaterials have also showed similar behavior and 
it has been speculated whether this is a universal-like behavior for layered materials [17]. 
 With relation to multilayer systems, the bilayer configuration requires the 
smallest force to detach the topmost WSe2/MoSe2 layer. In this case, the topmost 
WSe2/MoSe2 is already distant from the substrate, thus minimizing their interactions.
Now, the main interactions of the topmost layer are with the same material layer below 
it. Even though these WSe2/MoSe2 interlayer interactions are smaller in comparison to 
WSe2/MoSe2 -substrate ones, the perfect lattice match between WSe2/MoSe2 layers 
generates a well-stacked configuration. For 3 and 4 layers systems, we notice that this 
stacking is still important as the smaller distance between the WSe2/MoSe2 layers 
increases the interlayer interactions. This explains the differences on the force values for 
the systems with 2, 3 and 4 layers. 
 Another experimentally observed behavior was that when scratching/fracturing 
a monolayer, the required force is direction dependent [24]. In order to address this issue, 
we carried out further MD simulations creating a small defect on WSe2/MoSe2 layers, 
through removal of one W/Mo atoms and two Se ones. In order to investigate how crack 
propagates in these structures, we stretched these defected layers along two determined 
directions, as shown in Figure 4(a). Direction A generates high stress values on the set of 
bonds (depicted in red in Figure 4(a)), thus causing the opening of the crack with 
armchair edges. Direction B generates high stress values on another set of bonds (green 
ones in Figure 4(a)), which causes the opening of the crack with zig-zag-like edges. The 
calculated stress versus strain diagram for WSe2 sheets along these two directions are 
shown in Figure 4(b). Even though the stress required to break the layers with zig-zag or 
armchair-like edges are similar, the one that forms zig-zag edges (Direction B) required 
less strain to open and split the structures. 
 Looking into pristine (no defects) WSe2 layers (Figure 4(c)), we can better 
understand this behavior. We applied opposite forces on two groups of atoms within the 
layer, splitting the structure into half. Two directions were considered, Direction 1 and 
Direction 2, for splitting. Direction 1 makes an angle of 30° with W–Se bonds that are 
being stretched (breaking of these bonds forms armchair-like edges). On the other hand, 
Direction 2 is parallel to W–Se bonds being stretched, forming zig-zag-like edges. Figure 
4(d) shows the force required to break the structure. Direction 1 showed larger force 
values required to break the structure. 
CONCLUSION 
 We have investigated through fully atomistic MD simulations the mechanical 
properties of few-layer (from one up to four layers) of WSe2/MoSe2 deposited on a 
silicon substrate. Our results showed that single layer WSe2/MoSe2 have larger friction 
coefficients than 2, 3 and 4 layered structures. These results suggest that the interaction 
between 1st layer and the substrate is stronger in comparison to interlayer interactions 
themselves. Also, the scratching/fracture of the monolayers seems to be chirality 
dependent, with the preferential direction to crack propagation being the one 
perpendicular to a W(Mo)–Se bonds and zig-zag defects propagate much faster than 
armchair ones. WSe2 and MoSe2 structures show similar peeling off and scratch/fracture 
patterns, the main differences are in the force values involved in these processes. For all 
cases considered here it is always easier to peel off and/or fracture MoSe2 structures. 
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3.3 Deformation Mechanisms of Vertically StackedWS2/MoS2
Heterostructures: The Role of Interfaces
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ABSTRACT: The mechanical and optical properties generated due to the stacking of different atomically thin materials
have made it possible to tune and engineer these materials for next-generation electronics. The understanding of the
interlayer interactions in such stacked structures is of fundamental interest for structure and property correlation. Here, a
combined approach of in situ Raman spectroscopy and mechanical straining along with molecular dynamics (MD)
simulations has been used to probe one such interface, namely, the WS2/MoS2 heterostructure. Vertical heterostructures on
poly(methyl methacrylate), when flexed, showed signs of decoupling at 1.2% strain. Theoretical calculations showed strain-
induced stacking changes at 1.75% strain. The sliding characteristics of layers were also investigated using scanning probe
microscopy based nanoscratch testing, and the results are further supported by MD simulations. The present study could
be used to design future optoelectronic devices based on WS2/MoS2 heterostructures.
KEYWORDS: vertical heterostructure, in situ Raman, strain effects, fracture, molecular dynamics simulation
Two-dimensional materials (2D) have gained impor-tance in the recent years due to their importantproperties like high room temperature mobility, atomic
thickness, optical transparency, and flexibility.1,2 Different types
of 2D materials such as MoS2, WS2, graphene, phosphorene,
and h-BN have been vertically stacked by various methods like
chemical vapor deposition (CVD), mechanical transfer, and
molecular beam epitaxy (MBE) are used in field effect
transistor (FET), photovoltaic device, photodetector device,
and microelectromechanical systems (MEMS), and flexible
sensors.1−7 Out of these WS2/MoS2, a type-II heterostructure is
extremely interesting because of its ease of fabrication and
interesting optical properties, making it a potentially useful
material for various flexible optoelectronic applications.5,8−12
For flexible electronic applications, two aspects, namely,
device performance and durability, should be considered when
designing a MEMS system. From a device performance point of
view, it is important to understand the effect of external strain
on the interlayer coupling. In recent years, there has been
growing interest in understanding the interlayer coupling in van
der Waals coupled hybrid structures. Recently, photolumines-
cence (PL) and low frequency breathing and interlayer shear
Raman modes have been used to investigate the interlayer
coupling.13−15 A computational study by Kumar et al. showed
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strain transfer in different heterostructure layers, reported a
critical strain of 1.81% for interlayer decoupling in the WS2/
MoS2 heterostructure.
16 However, experiments that quantified
strain effects on the interlayer coupling are scarce. Researchers
have also attempted to explore the strain-induced electronic
property modulations in 2D materials and heterostructures
using in situ bending tests in combination with Raman and PL
spectroscopy.17−24 However, all of these reports have focused
on the optical band gap tunability. Significant structural change
also occurs because of mechanical deformation, but it has not
been investigated in detail in the literature. On the other hand,
for device durability, it is essential to understand the
deformation and fracture characteristics of vertically stacked
2D structures. There are reports of observed crack propagation
in 2D materials like graphene, MoS2, and MoSe2 using in situ
SEM and TEM techniques.25−27 Though these microscopic
techniques give a detailed description of how the crack
propagates, the sample preparation for these studies is difficult.
In this study, both the device performance (interlayer
coupling) and durability (fracture and sliding) aspects have
been studied in detail for a CVD-grown WS2/MoS2
heterostructure. An in situ bulging test in combination with
Raman spectroscopy has been adopted to understand the
strain-transfer mechanism and magnitude of strain required to
decouple vertically stacked WS2/MoS2 layers. An SPM-based
technique in combination with Raman spectroscopy has been
used to induce local damage in the 2D heterostructure and
image spatial distribution of strain or structural changes in the
deformed region. SPM-based nanoscratch testing was further
extended to understand how two different 2D structures slide at
the interface. Detailed MD simulations were also carried out to
understand the role of interfaces in detail.
RESULTS AND DISCUSSION
The synthesis of vertical heterostructures of WS2/MoS2 is
described in the Experimental and Simulation Details. Figure 1a
Figure 1. (a) Optical image showing vertical heterostructure of WS2/MoS2. (b) AFM micrographs recorded from areas 1 and 2 as marked in
the optical image showing morphology of the layers. (c) Height profile showing thickness of each layer taken from regions indicated in AFM
images (green line in area 1 and blue line in area 2). (d, e) Raman and PL spectra recorded from individual MoS2, WS2 layers compared with
vertical heterostructure spectra. (f) Raman and PL maps recorded from vertical heterostructure. (g) XPS spectra corresponding to Mo, W, S
in the system. (h) High-angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) image of MoS2/WS2
heterostructure, where one layer of the bilayer structure has flaked off, revealing a Mo-dominant monolayer.
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shows the optical micrograph of as-grown 2D WS2/MoS2
flakes. AFM micrographs of the flakes (Figure 1b) indicate
that the as-grown heterostructure is composed of two layers
with individual thicknesses of ∼0.6 and ∼0.7 nm, respectively
(Figure 1c). In Figure 1d, the Raman spectra of individual
MoS2 and WS2 layers are compared with that of the vertical
WS2/MoS2 heterostructure. The stiffening of the A′1 mode of
both MoS2 and WS2 is attributed to the strong interlayer
coupling.13 The interlayer coupling is best confirmed by the
lower order Raman breathing modes.11−15 However, such low-
frequency bands were below the detection limit of our Raman
instrument. In Figure 1e, PL spectra are compared for
individual layers as well as the vertical heterostructure. PL of
the heterostructure shows the presence of two peaks at 1.8 and
1.9 eV, reaffirming the existence of good interlayer coupling
between the layers due to CVD growth.11,13 Raman and PL
maps of the heterostructures are shown in Figure 1f. XPS
analysis shown in Figure 1g indicates that binding states of Mo,
W, and S are +6, +6, and −2, respectively. The interface of the
heterostructure was examined by using aberration-corrected
scanning transmission electron microscopy (AC-STEM).
Figure 1h shows a high angle annular dark field (HAADF)
image of the MoS2/WS2 heterostructure, where a large
monolayer region has been revealed. HAADF imaging is
produced by Z contrast; thus, the difference between heavy W
atoms (Z = 74) and lighter Mo atoms (Z = 42) is easily
identifiable. The HAADF image shows uniform contrast in the
monolayer region except for a few scattered high-contrast
atoms, indicating that the monolayer region is Mo dominant
and demonstrating the segregation of MoS2 from WS2 in the
heterostructures.
A schematic illustration of the strain engineering setup as
well as optical micrograph of the vertical heterostructure is
shown in Figure 2a. The straining tests were done using a
custom built bending apparatus (Bruker Nano Surfaces, USA).
Kapton tape was used to hold the poly(methyl methacrylate)
(PMMA) and the heterostructure. Two extremities of the tape
were firmly clamped, and a 2 mm sapphire ball was used to
push the filmupward to induce strain. From ball displacement
(h), strain on the 2D structure was estimated qualitatively using
the following equation28
ε ε= + h
a
2
30
2
2 (1)
Figure 2. (a) Optical micrograph of the vertical heterostructure and schematic representation of the experimental setup. (b) In situ Raman
spectra recorded from MoS2 sheet (region A) at different strains. (c) In situ Raman spectra recorded from vertical heterostructure region
(WS2 sheet, marked as B). (d) Variation of MoS2 A′1 and E′ spectral position with strain (at region A). (e) MoS2 A′1 and E′ band position
changes recorded at region B. (f) Changes in WS2 A′1 spectral position with strain. (g) Screenshots recorded from MD simulation showing
stacking changes with increasing strain. (h) Calculated stress vs strain and the interlayer spacing variation as a function of strain. At 1.75%
strain AB to SP stacking change was observed. (i, j) Schematic representation of the interlayer spacing and Raman active modes.
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where a is the contact diameter, ε0 is the residual strain
(assumed zero for PMMA), and h is the height by which 2D
material is displaced.
In situ Raman spectra recorded during bending tests are
shown in Figure 2b,c. Two regions of the vertical
heterostructure were identified for spectral acquisition (marked
as A and B in Figure 2a). In region A (bottom MoS2 layer),
with increasing strain, both A′1 peak (400−425 cm−1) and E′
mode red-shifted with a maximum shift of ∼2 and ∼0.5 cm−1
respectively, confirming the presence of tensile strain in the
bottom layer.23 Spectral changes recorded from the stacked
WS2 layer provide insight on the strain-transfer mechanism.
Figure 2c shows changes in WS2 (top layer) Raman modes as a
function of strain. Superimposed broader WS2 and MoS2
spectra were observed in region B (Figure 2c). At zero strain,
in 400−425 cm−1 region, stronger MoS2 A′1 band and a weaker
shoulder for WS2 A′1 mode was observed. Furthermore, E1
modes of WS2 and MoS2 are observed in ∼350 and 383 cm−1,
respectively. The theoretical vibrational spectrum at zero strain
for the heterostructure (Figure S1) is in qualitative agreement
with the experimental data, showing prominent peaks in the
range of 320−360 and 400−430 cm−1. In the vertical
heterostructure region (B), experimentally recorded MoS2, E′,
and A′1 spectral changes with strain were different than that of
Figure 3. (a) SPM micrograph of the heterostructure showing local rippling on the WS2 scratched region, indicating plastic deformation. (b)
Lateral force corresponding to 100 μN nanoscratch along x and y directions. (c) Friction force recorded at higher normal loads (300 μN. (d)
Schematic representation of layer sliding along two directions. (e) Time evolution plot showing variation of force per atom to slide the WS2
layer on two different directions. (f) Snapshots recorded from MD simulation showing changes in corrugation path along x and y directions.
Direction y has a lower corrugation path, providing an easier route for sliding. Inset: sulfur atoms considered for representation in the WS2/
MoS2 interface.
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supporting MoS2 layer (A). Figure 2d shows the MoS2 E′ and
A′1 frequency shift in region A, while Figure 2e,f shows the
spectral shift observed in MoS2 and WS2 due to the
heterostructure contact. At lower strain values (0 to 1%), in
the WS2-stacked region (B), MoS2 E′ and A′1 modes shifted
marginally, and thereafter, a noticeable shift was observed. The
magnitude of shift observed in heterostructure region was lower
than that of the monolayer (region A). The frequency shift
observed in the WS2 mode with strain is shown in Figure 2f.
Like MoS2, WS2 spectra showed a noticeable shift above 1.2%
strain. A pronounced WS2 A′1 band above 1.2% strain implies
strain-induced interlayer stacking modulations.
To better understand the underlying stacking characteristics
of the heterostructure during straining, we performed fully
atomistic molecular dynamics simulations. In our models, we
considered monolayers of WS2 stacked on a monolayer MoS2
layer and biaxially straining the latter. Prior to this procedure, a
thermalization of the system was done to decrease the initial
mismatch between the layers, resulting in an AB stacking
configuration as shown in Figure 2g. More details of the
protocols are presented in the Simulation Details. Variation of
stress vs strain as well as the interlayer spacing variation (Δh)
with strain are plotted in Figure 2h. Schematic representations
of the interlayer spacing and E′ and A′1 vibrational modes (in
vertical heterostructure) are shown in Figure 2i,j. In Figure 2h,
between 0 and 1.5% strain the system showed linear response
and showed a small decrease in Δh with strain. With an
increase in tensile strain, the molybdenum−sulfur bond length
is expected to increase (implying a decrease in the interlayer
spacing).18 Raman spectra recorded from the supporting MoS2
layer showed redshift in E′ mode, confirming the presence of
tensile strain. The linear stress vs strain behavior below 1.5%
strain (Figure 2h) confirms strain transfer from the MoS2 to
WS2 layer. However, with a further increase in strain,
oscillations as well as increased interlayer spacing were
observed at 1.75% strain (Figure 2h). Visual analysis of the
trajectory showed changes in the interlayer stacking above
1.75% strain (Figure 2g). Because of increasing bond length,
the interlayer spacing (measured as the vertical distance
between nearby sulfur atoms of different layers) increases.
The process primarily occurred at the borders of WS2, where
the stacking goes from the AB to the SP configuration (Figure
2g). As the strain continues, the rearrangements go toward the
center of layer, where a prominent drop in the stress occurs at
about 2.5% of strain (Figure 2h). At this point, the different
stacking configurations fluctuate all over the interface of the
two layers, going from AB to SP and then to AA. At 3% strain,
an AA stacking was established at the center of the interface,
while its borders showed a mix of AB- and SP-stacking
configurations.
Changes in stacking (from AB to SP) and the interlayer
spacing confirm decoupling between MoS2- and WS2- stacked
layers. Previous computational studies showed a critical strain
for decoupling in the WS2/MoS2 heterolayer as 1.81%.
16 The
discrepancy in the experimental (1.20%) and theoretical values
(1.75%) of critical strain is due the decrease in the quality of the
interface due to the transfer process, thereby decreasing the
interlayer coupling strength.
To understand the strain effects on the CVD-grown WS2/
MoS2 heterostructure on silicon dioxide (SiO2), SPM-based
nanoscratch tests were performed. The purpose of these tests is
2-fold: (a) to understand the interlayer coupling effects on local
deformation and (b) to study how decoupled layers slide across
one another. Figure 3a shows the SPM micrograph recorded
post scratch test (100 μN load) on the heterostructure. Post
scratch the top layer was intact, and edges of the scratch had
Figure 4. (a) SPM micrograph of the high load nanoscratch (300 μN) on heterostructure. (b) Line profile recorded from scratched region. (c,
d) Raman maps showing variation of WS2 E′ and A′1 band intensity on deformed sample. (e) Raman spectra recorded at three spots across
the scratch showing variation in in-plane and out-of-plane vibration modes. (f) Simulated Von Mises stress distribution on deformed WS2
layer. Zoomed in image shows the re arrangement of layers at the scratch edge.
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deformation-induced ridges or ripple-type features, providing
evidence for plastic deformation. During local scratching, two
competing events unfold: the indenter tries to push the top
layer in the sliding direction, while the stronger interlayer
interaction prevents the layer from sliding resulting in
striations. The formation of ridges might be due to the
competing effects of elastic energy associated with scratching
the layers vs van der Waals energy associated with interlayer
coupling.16 The observed plastic deformation in heterostruc-
tures can be correlated to the stronger interlayer coupling.
Friction force recorded during scratching vertical structure
along the X and Y directions at 100 μN is shown in Figure 3b.
Friction recorded along X had higher value than that of the Y
direction. At higher normal loads (300 μN), the friction forces
are comparable along the X and Y directions. The Berkovich
diamond indenter used for nanoscratch had an ∼100 nm tip
radius, and on the basis of Figure 3b, it is difficult to draw a
conclusion about direction dependency. To better understand
the atomic aspects of the interlayer sliding, further MD
simulations were performed. To mimic the experimental
conditions, we applied a force on the top layer of the WS2/
MoS2 heterostructure to make it slide. Figure 3d illustrates the
configurations used for the simulations, where we consider two
sliding directions, named x and y. Direction x is parallel to the
metal−chalcogenide bond, and direction y is perpendicular to
direction x. From Figure 3e, we can see that the force per atom
to start the sliding of WS2 layer is almost twice larger along x
direction than the y one. This happens because direction x has a
Figure 5. (a) Optical micrograph of WS2/MoS2 heterostructure (monolayer) showing deviation of crack at the WS2 /MoS2 interface. (b)
Initial configurations for the cracking simulations showing the initial cut and stretching direction. (c) Simulated stress vs strain plot. (d)
Snapshots showing the propagation of crack (started at monolayer MoS2 region) with armchair edges. Before rupture, at vertical
heterostructure region, a crack deviation was observed with zigzag edges.
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high corrugation (roughness) path (Figure 3f) for the top layer
to slidethe sulfur atoms on the interface are aligned.
Direction y has a lower corrugation path, providing an easier
route for sliding. At higher normal loads (300 μN), the indenter
cut through the top WS2 layer (Figure 4a,b). A Raman map and
spectra recorded from the deformed heterostructure are shown
in Figure 4c−e. Scratch edges had a diminished WS2 E′ band
and stronger A′1 intensity. Simulated Von Mises stress
distribution on the deformed heterostructure is shown in
Figure 4f. At the scratch tip, higher stress concentration was
observed. In addition, the scratched edges also showed a lot of
deformations and WS2 layer lift from the MoS2 supporting
layer. This explain the higher A′1 modes at the scratched area,
as this region will be prone to more vertical oscillations. The
rearrangement of layers at the edges of the scratch also change
local stacking, which is evident from the Raman spectra (Figure
4 e, region 3). To understand the role of interlayer coupling on
local deformation, nanoscratch tests were performed on
multilayered MoS2 samples, and the results are compared
with that of the WS2/MoS2 vertical heterostructure (Support-
ing Information, Figures S2 and S3). Only WS2/MoS2
structures showed evidence for plastic deformation (ripples
on the edges of scratch), suggesting the stronger interlayer
coupling when compared to stacked MoS2 layers.
Since the vertical heterostructures will be a potential
candidate for flexible electronic devices, it is important to
investigate their failure characteristics, especially crack prop-
agation. Using the strain-engineering apparatus shown in Figure
2a, a pre-existing crack (cracks were induced on a 2D
heterostructure by doing a controlled indentation using a
sharp tip) was made to propagate toward WS2/MoS2 interface
by applying external strain. The optical micrograph recorded at
peak strain (1.4%) is shown in Figure 5a. Crack deviation was
observed at the WS2/MoS2 interface. It is important to note
that the fracture behavior presented here is only qualitative in
nature (the PMMA substrate influences the fracture properties
of heterostructures). The crack propagation was also studied
through MD simulations. A scratch similar to the one in the
experiment was made on the heterostructure (Figure 5b). The
stress vs strain plots for MoS2/MoS2 and WS2/MoS2 (Figure
5c) show oscillations on the stress values prior to the crack.
These are caused by rearrangements of atoms that relieve the
overall stress for short periods of time. We noticed that when
the top layer is WS2 these oscillations require larger strain
values to occur, which is an indication of better resistance for
crack propagation. For both stacking configurations, initially the
crack propagated in a straight line and the crack edges had an
armchair configuration. This is a consequence that the required
force to cut a metal−chalcogenide layer along armchair-like
edges is lower when compared to the zigzag ones (Figure 5d).
At the WS2/MoS2 layer interface, crack deviation was observed,
and the deviated cracks had zigzag edges.29
SUMMARY AND CONCLUSIONS
A detailed investigation was carried out on the interlayer
coupling, fracture, and sliding properties of the CVD grown
vertical WS2/MoS2 heterostructure using in situ Raman
spectroscopy, MD simulations, and SPM spectroscopy. In situ
Raman spectroscopy (in combination with custom built
mechanical straining setup) has been used to understand the
effect of strain on the interlayer coupling. It was observed that
after a critical strain of 1.2%, the WS2/MoS2 layers started to
decouple. SPM based local deformation tests identified strain
induced ripples at the edges of the scratch, indicating the
stronger interlayer coupling in heterostructures. Lateral force
measurements showed frictional anisotropy. MD simulations
identified directional dependence for the interlayer sliding due
to high and low corrugation paths. Furthermore, fracture
studies showed crack deviation at WS2/MoS2 heterostructure
interface. Overall, the present study could be useful in the
future for designing optoelectronic devices based on WS2/
MoS2 heterostructures.
EXPERIMENTAL AND SIMULATION DETAILS
Growth of Heterostructures. Molybdenum oxide (MoO3)
(99.99%, Sigma-Aldrich) and tungsten oxide (WO3) (99.99%,
Sigma-Aldrich), taken in a 1:4 ratio, were mixed together in a mortar
and pestle. A 2 mg portion of the obtained mixture was taken in the
quartz boat, and SiO2/Si wafers cut in 1 cm × 1 cm squares were
placed on top of the boat. The boat was placed inside the quartz tube
in the central zone of the furnace. S powder (99.99% sigma Aldrich),
taken in slightly higher stoichiometric amount, was placed in the lower
temperature zone (150−200 °C). Argon/hydrogen (Ar/H2) gas was
passed through the setup at rate of 100 sccm. The quartz tube was
heated to 800 °C at ramp rate of 30 °C/min and was held at that
temperature for 20 min. The furnace was then allowed to naturally
cool down.
Transfer Methods. The as-grown samples were transferred onto
PMMA films using wet chemical transfer. PMMA was spin-coated on
the SiO2 substrate at 3000 rpm for 60s. The PMMA was peeled off by
etching SiO2 using 0.2 M KOH. The PMMA film floating on KOH
solution could float in DI water to remove KOH residues. The PMMA
film in DI water was scooped on top of SiO2. Before water was dried
from PMMA, Kapton tape was stamped onto the PMMA/SiO2 to stick
PMMA onto the Kapton tape. This ensured that the 2-D material lies
on top.
Characterization Details. Raman and PL spectral measurements
were performed on a Renishaw inVia Raman Microscope. A 532 nm
excitation source with a spot size of 1 μm and 20 μW laser power was
used for spectral measurements. The Raman images were processed
using Renishaw Wire 4.4 software. XPS analysis was done using PHI
Quantera XPS using AlKα X-rays. STEM analysis was performed using
a Nion aberration-corrected UltraSTEM 100 operated at an
accelerating voltage of 60 kV.30 The nanoscratch tests were performed
in a Hysitron Ti 980 triboindenter (Bruker Nano Surfaces, USA).
Simulation Details. Fully atomistic simulations were performed
for this work using the LAMMPS code.31 The universal force field was
used to describe nonbonded interactions between atoms, and for
interactions within each WS2/MoS2 layer the Stilling-Weber (SW)
potential was applied.32,33 The SW force-field utilized for MoS2 was
from ref 34, and the parameters were obtained from phonon-
dispersion curves by inelastic-neutron-scattering techniques and the
subsequent valence force field (VFF) data, both from ref 35. Regarding
WS2, the SW force-field was also obtained from ref 34 and
parametrized from ab initio calculations data of reference.36 The
Stillinger-Weber considers nonlinear effects and keeps the computa-
tional cost at a low level. The accountability of these nonlinear effects
makes it appropriated, for example, to calculate thermal conductivity
and mechanical processes.34,36−38 The areas of layers considered were
15 × 15 nm2 for the top layer and 20 × 20 nm2 for the supporting
layer. The size independence was observed by acquiring the force per
atom in different cell sizes for the top layer, namely, 5 × 5 and 10 × 10
nm2, in the sliding simulations. The vibrational spectrum of the
heterostructure was generated by calculating the Fourier transform of
the velocity−velocity autocorrelation function of the atoms (Figure
S1). The initial configurations were first optimized by a steepest-
descent algorithm and then thermalized on the NVT ensemble for 300
ps with a Nose-Hoover thermostat and time step of 1 fs.
For the sliding simulations, after equilibration, a harmonic potential
was applied to the topmost layer. This was made by allocating a spring
between the specified layer and a reference on a faraway point on
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positive x or y direction to provide the direction of pulling. The spring
constant utilized was 1 eV/Å2, and the sliding velocity was set to 1 Å/
ps. In this way, the force required to start the sliding movement was
recorded. For scratching simulation, a spherical indenter with 10 Å of
radius and velocity of 1 Å/ps was allowed to move toward the border
of the WS2 layer, breaking its surface laterally. For stretching and
cracking simulations, after thermalization, the box was increased in
both directions along the layer’s surface at a strain rate of 0.002 Å/fs,
with all the atoms having their atomic positions updated.
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Figure S1. Theoretical vibrational spectrum for the heterostructure (WS2/MoS2), calculated by 
analyzing the velocity-velocity autocorrelation function of the atoms. 
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Figure S2. (a) Comparison of calculated stress vs strain for MoS2-MoS2 layers vs MoS2-WS2 
layer. (b) SPM images showing difference in deformation characteristics in MoS2-MoS2 layers 
vs MoS2-WS2 layers. Hetero structures showed signs of plastic deformation at lower loads and 
the ripples formed are indicative of stronger interlayer interaction or coupling.  
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Figure S3. (a) &(b) Raman maps showing variation of E′ and A′1 mode intensities. (c) Optical 
micrograph of the MoS2 sample. (d) Raman spot spectra recorded at three locations in (b).  
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Figure S4. Experimentally, the force required to slide or cleave stacked heterostructure was 
determined using SPM microscopy and nanoscratch. (a) shows the SPM image of multi-layered 
heterostructure. (b) shows the cleaved heterostructure.  The displaced material is marked by 
dotted lines. (c)  Measured indenter lateral force and displacement as a function of test time. At 
the onset of cleavage, a drop in lateral force (~40µN) was observed. (d) The surface topography 
before and after cleaving is shown in Figure 4c. 
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Strain-Induced Structural Deformation Study of  
2D MoxW(1-x) S2
Sandhya Susarla, Praveena Manimunda, Ygor M. Jaques, Jordan A. Hachtel, Juan C. Idrobo, 
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Very recently, 2D TMD alloys have gained 
importance due to some interesting 
properties such as band gap tunability, 
phase engineering, and magnetism. 
Recently, many TMD alloys in the form 
of MxN(1-x)X2 and MXyY(1-y) (where M, N: 
Mo, W, Re X: S, Se, Te, 0 < x, y < 1) have 
been synthesized by chemical vapor dep-
osition (CVD), chemical vapor transport 
(CVT), and wet chemical.[4–16]
However, alloying introduces a 
significant level of intrinsic strain in the 
structure due to the mismatch in the lattice 
parameters. This strain can have a crucial 
role in designing flexible devices.[17] Thus, 
it is of fundamental importance to fully 
understand the effects of strain on alloyed 
structures. There are a plethora of reports on the elastic proper-
ties and effect of straining on the optical band gap for graphene, 
molybdenum sulphide (MoS2), molybdenum diselenide (MoSe2), 
tungsten diselenide (WSe2) using techniques such as, atomic 
force microscopy (AFM), piezoresistive devices, scanning probe 
microscopy (SPM), and ex-/in situ Raman spectroscopy.[18–36]
To enhance the performance of flexible devices, sometimes 
different 2D layers are stacked by one another. Usually such 
heterostructures are grown by CVD and van der Waals forces 
couple two different layers. In our previous work,[37] we have 
shown that, when the vertical heterostructures of MoS2/WS2 are 
strained beyond a critical value, the coupling between the layers 
vanish and they behave as individual layers. We called this effect 
as “decoupling effect.” This decoupling effect and band gap 
tuning has been recently demonstrated by strain engineering 
in vertical MoS2/WS2.[37,38] Detailed crack propagation using 
microscopic techniques such as aberration corrected scanning 
transmission electron microscopy (AC-STEM) have been also 
investigated, but to our knowledge there are no reports on the 
effects of straining and fracture on the structure of TMD alloys.
Herein, the effect of straining and fracture on CVD grown 
2D molybdenum tungsten sulfide alloy (MoxW(1-x)S2) has 
been investigated using in situ Raman spectroscopy, SPM, and 
molecular dynamics (MD) simulations. It was observed that at a 
critical strain (2%) value MoS2 in-plane modes are degenerated 
due to bond breaking. From MD simulations we observed that 
W substitution in MoS2 increases both, strength and fracture 
resistance, of the alloys as compared to pristine MoS2. In case 
of fracture, MoS2 undergoes more pronounced deformations 
than WS2. From detailed atomistic MD simulations we also 
determined how crack propagation due to fracture locally 
affected the WS2 and MoS2 bonds.
The possibility of tuning properties and its potential applications in the fields 
of optoelectronics and/or flexible electronics, has increased the demand for 
2D alloys in recent times. Understanding the mechanical performance of 2D 
materials under extreme conditions, such as strain, stress, and fracture is 
essential for the reliable electronic devices based on these structures. In this 
study, combined molecular dynamics (MD) simulations and in situ Raman 
spectroscopic techniques are used to study the mechanical performance of 
a 2D alloy system, MoxW(1-x) S2. It is observed that W substitution in MoS2 
causes solid-solution strengthening and increase in the Young’s modulus 
values. Higher W content decreases failure strain for MoS2. Based on spa-
tially resolved Raman spectroscopy and MD simulations results, a detailed 
model to explain failure mechanisms in MoxW(1-x) S2 alloys is proposed.
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Mechanical Properties
The advent of two dimensional (2D) materials, such as gra-
phene and transition metal dichalcogenides (TMDs) renewed 
the interest in 2D structures, in part due to their atomic 
thickness, presence of a visible optical band gap and lack of 
inversion symmetry. These properties are useful for optoelec-
tronics, valleytronics, and flexible electronics applications.[1–3] 
Adv. Mater. Interfaces 2019, 1801262
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The optical image of a typical 20 µm single crystalline alloy is 
shown in Figure 1a. The AFM image of the same flake further con-
firmed that it is uniform, without any secondary growth or precipi-
tates, thus forming a substitutional solid solution (Figure 1b(i,ii)). 
The height profile (Figure 1b(iii)) taken from the line indicated 
in the high magnification AFM image (Figure 1b(ii)) confirmed 
Adv. Mater. Interfaces 2019, 1801262
Figure 1. a) Optical image of the MoxW(1-x)S2 alloys. b) AFM image at (i) low resolution and (ii) higher resolution indicating the formation of uniform 
alloys. iii) Height profile taken at the marked region in b(ii). c) Point Raman spectra and d) point PL spectra of MoxW(1-x)S2 alloys. e) Raman maps 
taken at (i) 384 cm-1 (E1-MoS2) and (ii) (E1-WS2). f) PL maps taken at 1.82 eV. g) XPS spectra at Mo3d, W4f, and S2p regions. h) STEM image showing 
high contrast W molecules embedded in 2H phase MoS2 lattice.
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that it is monolayer with a thickness of 0.9 nm. Raman spectrum 
recorded from the alloy is shown in (Figure 1c). Three major 
peaks were observed at 353 cm-1 (WS2 E1), 384 cm-1 (MoS2 E1), 
and 408 cm-1 (MoS2 A11), respectively. The 408 cm-1 peak has a 
shoulder at ≈415 cm-1 corresponding to WS2 A11. The merging 
of two A11 peaks of MoS2 and WS2 was attributed to the uniform 
mixing in these alloys.[10,11] The photoluminescence (PL) spec-
trum indicates that this alloy has an optical band gap of 1.82 eV 
(Figure 1d). The uniform distribution of MoS2 and WS2 was further 
confirmed by Raman mapping (Figure 1e(i,ii)). PL maps showed 
uniform PL peaks across the flake, thus confirming the uniform 
nature of the alloys (Figure 1f). The energy levels of Mo3d, W4f, 
and S2p, as seen from X-Ray photoelectron spectroscopy (XPS) 
spectrum are shown in Figure 1g. The chemical shifts of these 
levels indicated the presence of Mo, W, and S in form of 2H-phase 
sulphide alloy. The composition of the alloy is 60.3% S, 22.7 Mo%, 
and 17% W thus indicating to be an alloy of type Mo0.6W0.4S2. 
Figure 1h shows a high angle annular dark field (HAADF) image 
of the Mox\W(1-x) S2 alloy. The heavy W atoms (Z = 74) appear 
brighter than light Mo atoms (Z = 42) in the HAADF image. The 
HAADF image shows that the as- synthesized alloy is primarily 
composed of Mo and S atoms with random substitution of Mo 
by W atoms. From the combined data presented in Figure 1, we 
obtained important structural information, we can conclude that 
we have indeed monolayer structures, as well as, we could obtain a 
reliable estimation about alloy structure and composition.
MD simulations were carried out considering structural 
models of pristine forms of MoS2 and WS2, as well as of alloys 
of these TMDs, consisting of Mo randomly substituted and 
with different W percentages in the MoS2 matrix. Figure 2a 
shows the schematics of the structures used for simulation. 
We randomly substitute W atoms in MoS2 matrix and applied 
biaxial strain. Since the size of W atoms are larger than Mo, 
substitution of Mo by W may induce expansive strain in the 
MoS2 lattice. In order to better understand structural perturba-
tions induced by W substitutions and to establish MD reliability 
results, higher quality DFT calculations were also performed on 
selected structural models.
By analyzing the final relaxed structure of the DFT calcula-
tions in both pristine MoS2 as well as the alloys, we observed that 
the substitution of one single Mo atom by a W one is enough 
to strain the structure by about 0.02%, thus resulting in an 
expanded supercell unit. This is in good agreement with the MD 
results of larger area alloy systems, with different compositions 
of Mo/W atoms. After thermalization the alloy systems with 
20% and 40% W atom compositions are expanded by about 0.07 
and 0.15% of strain in relation to the pristine MoS2 structures.
In Figure 2b we present an example of a relaxed MoS2 struc-
ture obtained from replacing one Mo atom by a W one. Mo–S 
bond length in relaxed pristine MoS2 structure is 2.412 Å. In 
the alloy structure of Figure 2b, the W–S bond length is 2.410 Å. 
Due to the presence of foreign W atoms, the Mo–S bond length 
values are affected. Closer to W atoms, Mo–S bonds have a 
slightly enlarged value of 2.417 Å. Farther away from W atoms, 
Mo–S bond lengths decrease, but also varies, having values 
between 2.412 and 2.414 Å.
Adv. Mater. Interfaces 2019, 1801262
Figure 2. a) Schematic representation of MoS2 lattice and MoxW(1-x) S2 alloy. b) Relaxed structure of a MoS2 layer with one W atom substituted. The W 
substitution locally modified the W–S and Mo–S bond lengths. c) Stress versus strain generated from MD simulation. d) Calculated Young’s modulus 
values as a function of W%. Increase in W% increased MoS2 matrix Young’s modulus values.
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In Figure 2c we present the calculated stress versus strain 
curves (from MD simulation) for pristine MoS2, WS2, and alloy 
systems up to a strain of 0.1125. The linear regime is approxi-
mately about 0.01 strain and within this range we calculated the 
Young’s modulus of the alloy system. The estimated Young’s 
modulus values are shown in Figure 2d. Substitution of Mo by 
W on MoS2 increased the overall Young’s modulus values of 
the system. Pristine WS2 has modulus of 244.52 GPa. Substitu-
tion of Mo by W (20%) increased the modulus of the system 
from 206.72 GPa (MoS2 matrix) to 214.78 GPa. The 40% W 
system showed a modulus of 222.48 GPa. The estimated mod-
ulus values are in good agreement with earlier reports.[33,39–41]
Increasing W concentration and consequently forming WS2 
regions in the MoS2 matrix would logically increase the Young’s 
modulus of the material in comparison with the pristine MoS2 
monolayer. However, what is interesting about these results 
is that this increase of Young’s modulus happens even when 
considering random substitutions of Mo by W atoms, that for 
lower concentrations (20% and 40%) presents many times 
only single W atoms surrounded by Mo. These random sub-
stitutions of Mo by W, comprising either small patches of WS2 
or single W atoms contribute substantially to the increase in 
Young’s modulus as W atoms are the ones that presents the 
higher stress values on the alloy systems during straining, as 
can be seen in Figure S3 of the Supporting Information. As we 
make more substitutions the contributions of W atoms for the 
overall stress increases, heightening the slope of the stress x 
strain curve.
The effect of substituted W atoms on the MoS2 matrix in 
general improved the Young’s modulus of MoS2 matrix even 
though the right proportions are still determinant to get the 
best values in one particular property. We extended the MD 
simulation to study the effect of W substitution on failure of 
the MoxW(1-x) S2 alloys. In Figure 3a, a schematic illustration of 
the straining configuration is given. Stress strain curves until 
system failure are presented in Figure 3b, from which we could 
obtain the calculated failure strains as a function of W%, as 
shown in Figure 3c. The latter plot shows that with increase in 
W% the failure strain of MoS2 matrix decreased.
The presence of defects (Mo substituted by W) is not solely 
responsible for the decrease in fracture limit. Nevertheless, at 
the low temperature of 10 K (Figure 3b), in which the systems 
where simulated, it seems that W concentration has a distinct 
impact in the fracture limit, as the Mo–S and W–S bonds do 
not change considerably during equilibration (Figure S1a, 
Supporting Information), and the straining procedure starts 
with small variations on metal–sulfur bond lengths. We per-
formed simulations at a temperature of 300 K as well, and 
in this case the metal–sulfur bond length values broaden 
up (Figure S1b, Supporting Information). Comparing the 
stress versus strain curves of the different system at the two 
temperatures (Figure S2a,b, Supporting Information) we can 
see that at 300 K it becomes very difficult to state a clear trend 
between fracture limit and W concentration.
In Figure 3b we can see that a pristine WS2 monolayer with-
stands higher stress values than a pristine MoS2 monolayer. 
Adv. Mater. Interfaces 2019, 1801262
Figure 3. a) Schematic of the alloy system considered for simulation. Pristine MoS2 had metal atoms substituted by W in different compositions. 
b) Biaxial stress versus strain curves. c) Variation of failure strain with W%. Increase in W content decreased the failure strain of MoS2 matrix. 
d) Schematics illustration showing nearest neighbor metal–metal distances. Metal–metal distances for Mo–Mo, W–W, and Mo–W atom pairs at e) 0% 
strain and f) at the fracture limit for the 40% Mo substituted by W alloy monolayer.
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In the alloy system, we can see that the W atoms are indeed 
the ones that presents the higher stress values during strain, 
uplifting the overall stress that the monolayer experiences 
(Figure S3, Supporting Information). However, as we still have 
in all alloy cases MoS2 portions, these larger overall stresses 
are larger than what these softer material portions (MoS2) can 
withstand, so the failure strain happens shorter than in pristine 
MoS2. As more substitutions of Mo by W occur, the higher is 
the overall stress values obtained for a determined strain and 
the easier it is for one of the MoS2 portions to break, deter-
mining the failure strain. When we totally remove the MoS2 
portions, in other words, recover the pristine WS2 monolayer, 
and then we have again larger failure strain.
In order to further understand the mechanical properties of 
the systems we monitor the nearest neighbor Mo–Mo, W–W, 
and Mo–W atom distances during straining. In Figure 3d we 
present the spatial atom arrangements in the nanoalloy. At 
0% strain, the metal–metal distances slightly change (between 
3.110 and 3.135 Å) during equilibration in the MD simulations 
(Figure 3e). As the strain procedure continues the metal–metal 
distances increase. In Figure 3f we present the distribution of 
bond lengths for each combination of metal–metal configura-
tions at the point of fracture. As can be seen, the W–W dis-
tances distribution is relatively narrower than the other metal 
combinations and presents the smaller values. In comparison, 
Mo–W distances are broader and presents larger values than 
W–W. Finally, Mo–Mo distances are the widest in range, pre-
senting values that go from 3.45 to around 3.70 Å.
These variations of metal–metal distances before and after 
strain shows that the MoS2 matrix is softer than the clusters 
of WS2 embedded into the monolayer. This behavior allows the 
nanoalloy to stand higher stress values than the pristine MoS2, 
even considering that the clusters of W are very small, less than 
ten atoms and in many times single atoms substituted.
The Stillinger–Weber potential was able to properly describe 
the metal–metal distance changes, although the parametriza-
tion did not consider interaction terms between metal atoms 
(only two- and three-body terms between metal and sulfur 
atoms). To test the reliability of the behavior observed for the 
alloy systems, we contrasted our MD and DFT results for 
selected structures. The DFT relaxation results are in qualita-
tive agreement with the MD ones. The Mo–W distances for the 
quantum calculations presented a value of 3.183 Å for the 
three nearest Mo atoms around the W atom of the supercell. 
The Mo–Mo distances varied between 3.177 and 3.190 Å, with 
the lowest value being for the nearest Mo–Mo distances sur-
rounding the W atom. In comparison, the pristine MoS2 pre-
sented a uniform Mo–Mo distance of 3.180 Å after relaxation.
These results show that the W atom disturbs the MoS2 
matrix, pulling the nearby Mo atoms closer and increasing the 
Adv. Mater. Interfaces 2019, 1801262
Figure 4. a) Schematic showing the in situ Raman straining experiment. The 2D alloy transferred onto a PMMA sample was strained using a ball 
indenter. b) In situ Raman spectra recorded as a function of strain. c) Change in MoS2 and WS2 E1 and A11 modes with strain.
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Mo–Mo distances of the remaining atoms. It is important to 
stress that the MD and DFT results agree only qualitatively due 
to the parameterization used for the Stillinger–Weber potential 
and methods utilized for the DFT calculations, however both 
calculations agree with literature[40,42,43] results were Mo–S and 
W–S bonds ranges between 2.38 and 2.46 Å. Consequently, the 
metal–metal distances would be affected as well.
Strain-induced structural perturbations in MoxW(1-x) S2 
alloys, was experimentally investigated using in situ Raman 
spectroscopy. Schematic of the experimental configuration is 
shown in Figure 4a. The as-grown alloy flakes were transferred 
on poly(methyl methacrylate) (PMMA) and then were lifted on 
the Kapton tape. The Kapton tape was then clamped between 
two ends and biaxial strain was applied using ball indenter of 
diameter 2 mm (details in the Experimental Section). The strain 
on the system varied between 0–2% and in situ Raman measure-
ments recorded simultaneously. In situ Raman spectra recorded 
during straining are shown in Figure 4b. Variation in E1 and A11 
modes of MoS2 and WS2 are shown in Figure 4c,d, respectively. 
With increase in strain (0–2%), WS2 out-of-plane vibration A11, 
mode redshifted by 2.63 cm-1., while MoS2 A11 mode redshifted 
by 2.03 cm-1 at 1.2% strain (Figure 4c). Both MoS2 and WS2 
E1 peaks redshifted with strain. At higher strain (2%) the in-
plane phonon modes of MoS2 split into two peaks (E+ and E-). 
The MoS2 structure correlates with D3h point group and the E1 
mode is doubly degenerated.[44] Splitting of E1 peak suggests 
degeneracy splitting.[25] There are reports of degeneracy lifting 
during uniaxial straining.[44] However, it is highly unlikely 
that the biaxial strain applied in our experiments changed the 
symmetry of the matrix and hence it is believed that at higher 
strains breakage of local Mo–S–W bonds lifted the degeneracy.
The MD results in Figure 3f showed variation in the Mo–Mo 
and W–W nearest neighbor distances with increasing strain. 
The W substitution modified nearest neighbor bond lengths. If 
the applied external strain induces dissimilar Mo–S and W–S 
bonds elongations, we can expect bond breakage. These broken 
bonds may alter the symmetry locally. From these MD results 
and the experimental results from Figure 4b, we can argue that 
the observed degeneracy splitting at 2% might be the result of 
bond breaking at higher strain.
Increasing W content decreased failure strain (Figure 3b) and 
in situ Raman experiments (Figure 4b) suggested the possibility 
of Mo–S–W bond breakage during straining. To understand 
failure mechanism, we further carried out MD simulations. 
Snapshots recorded during crack propagation in 40% W alloy 
is shown in Figure 5a. It is observed that the weaker point for 
fracture is not in the MoS2 matrix, instead it is in the inter-
face between the two transition metals. As soon as the crack 
reaches a cluster of W atoms a crack deviation occurs, forming 
secondary cracks. These cracks continue to propagate avoiding 
Adv. Mater. Interfaces 2019, 1801262
Figure 5. a) Snapshots recorded during the fracture of a nanoalloy with 40% of W. b) Stress map for the same time of simulation from (a), considering 
only Mo atoms. c) Stress map for same times of simulation from (a), considering only W atoms.
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the W clusters, cutting right into the interface 
between Mo and W. Separate stress maps 
for the Mo matrix and the W clusters are 
shown in Figure 5b,c. During fracture, the 
Mo atoms (Figure 5c) showed a maximum 
von Mises stress of around 4.6 MPa before 
the formation of the secondary cracks. For 
the same exact time of the simulation, the W 
clusters show a maximum von Mises stress 
of around 7.4 MPa. After formation of sec-
ondary cracks, the maximum stress increases 
to values of about 5.2 MPa for the Mo matrix. 
Nevertheless, the W clusters continue to have 
the highest values of stress, around 7.1 MPa. 
This shows that during loading, the W clus-
ters are responsible for an overall structural 
layer reinforcement.
Spatially resolved Raman spectroscopy was 
used to map the propagation of crack in 40% W 
alloy. First, we induced a crack at the 40% W 
alloy by using a sharp diamond indenter 
(Bruker Nano Surfaces, USA). The sample 
with pre-existing crack is then strained using 
the experimental configuration shown in 
Figure 4a. Once the crack propagates through 
the 2D alloy, we performed Raman mapping. 
In Figure 6a optical image of the nanoalloy 
with cracks are shown. Variation of MoS2 and 
WS2 A11 band intensity over the fractured 2D 
alloy is showed in Figure 6b,c. Raman spot spectra recorded 
at five separate locations on the map are shown in Figure 6d. 
Region 1 is crack free region and showed both MoS2 and WS2 
spectra, while spots 2 and 3 are from two edges of the crack. At 
one end of the crack more MoS2 dominant spectra was observed 
(spot 2), while the other end of the crack was rich in WS2 (spot 3). 
Similar trends were observed on other cracked regions. The 
Raman spectroscopic interpretations and MD results are con-
sistent, and we can conclude that the Mo–S–W interface acts as 
a weak structural point in MoxW(1-x) S2 alloys. It is important to 
stress that the experimental study was limited to 40% W alloy 
and the effect of WS2 cluster size on the mechanical behavior of 
2d MoxW(1-x)S2 alloys, needs to be further explored.
In conclusion, this study provides a detailed description of 
effects of strain and fracture on Mo0.6W0.4S2 alloys using in 
situ Raman spectroscopy and MD simulations. It was observed 
that the Young’s modulus values of MoS2 matrix increase with 
W substitution. However, the failure strain decreased with 
increase in W%. Alloying makes MoS2 matrix withstand higher 
stress values (increasing its Young’s modulus) at the expense of 
decreasing its failure strain (either in relation to pristine WS2 
or pristine MoS2). The failure happens because the MoS2 por-
tions cannot withstand the increased overall stress values in the 
structure. Addition of W also altered local Mo–S and W–S bond 
lengths. MD simulations revealed structural origin of failure and 
identified Mo–S–W as a weak structural point in MoxW(1-x)S2 
alloys. Raman spectroscopy identified local bonding changes at 
the crack edges. This study provides insights on the deforma-
tion mechanisms of alloys that can be exploited in designing 
future optoelectronic devices based on 2D alloys.
Experimental Section
Growth of the Alloys: MoxW(1-x) S2 was synthesized by CVD. The 
growth of the alloys was carried out according to the previously reported 
procedure.[14] Molybdenum oxide (Sigma-Aldrich; 99.98%) and tungsten 
oxide (Sigma-Aldrich; 99.98%) were mixed together in the ratio of 1:2 
in mortar and pestle. The mixture was placed in the alumina boat and 
SiO2/Si wafers were placed on the boat with face down. The setup 
was placed inside a tube in the temperature zone of 700 °C. Sulfur; S 
(Sigma-Aldrich, 99.99%) was placed at the temperature zone of 300 °C. 
The furnace was ramped to 700 °C in 20 min and was held at that 
temperature for 20 min and then allowed to cool down slowly.
Sample Transfers: Sample transfers were carried out using wet 
chemical etching. The as-grown alloys were spin-coated with PMMA and 
kept in 0.1 m KOH solution to etch the underlying SiO2 layer. The floating 
PMMA film was then transferred to DI water to remove KOH residues. 
For TEM transfer, the PMMA film was scooped out using a TEM grid 
and subsequently dissolved in the acetone after drying. For the straining 
experiments the floating PMMA film was punched on the Kapton tape.
Straining Setup: The straining tests were done using custom built 
bending apparatus (Bruker Nano Surfaces, USA). A Kapton tape with the 
PMMA and the alloy was firmly clamped between the two extremities of 
the tape. Using a 2 mm sapphire ball, the film was pushed upward to 
induce strain. From ball displacement (h), strain on 2D structure was 
estimated qualitatively using following equation[45]
ε ε= +
2
30
2
2
h
a  (1)
where “a” is the contact diameter and ε0 is the residual strain (assumed 
zero for PMMA).
MD Simulations: Fully atomistic simulations were performed using 
the LAMMPS code.[46] The Stilling–Weber[47] potential was used to 
described the MoS2/WS2.[48] These potentials were parametrized from 
phonon-dispersion curves by inelastic-neutron-scattering techniques and 
Adv. Mater. Interfaces 2019, 1801262
Figure 6. a) Optical image of the 2D alloy showing cracks. b,c) Raman spectral map showing 
the distribution of MoS2 and WS2 A11 on fractured 2D alloy. d) Raman spectra recorded at five 
distinct locations on cracked 2D alloy. On the two extremities of the crack, MoS2 and WS2 
regions are observed, suggesting breakage of bonds at Mo–S–W interface.
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ab initio calculations.[49,50] A pristine MoS2 monolayer with an area of 
about 20 × 20 nm2 was used as a matrix where Mo atoms were randomly 
substituted by W atoms. The systems were periodic in directions x and 
y (along the monolayer surface). The initial configurations were first 
optimized by a conjugate gradient algorithm and then thermalized using 
an NPT ensemble for 100 ps with a time step of 1 fs. The structures 
were thermalized at a temperature of 10 K and pressure of 0 bar, 
utilizing a Nosé–Hoover[51,52] thermostat and barostat, with damping 
parameters of 20 ps in both cases. The temperature value was chosen to 
compare the results with reference,[53] from where the Stillinger–Weber 
parameters were obtained. To address the effect of temperature in the 
simulations, the simulations at 300 K were also performed.
After that a strain rate of 1.0 × 10-4 per time step along the x and y 
directions (along the monolayer surface) was applied. The stress along 
each direction was calculated from the diagonal terms (Pxx and Pyy) of 
the pressure tensor. The stress values along x and y directions are very 
similar, so the stress values along x direction in Figures 2c and 3b were 
chosen. It is convenient in simulations of 2D materials to renormalize 
the values of stress by multiplying it by Lz/h,[40,54] where Lz is the length 
of the simulation box along the z direction (perpendicular to the surface) 
and h is the interlayer spacing of the bulk material, that for MoS2 is 
assumed to be 6.15 Å.[55] The Young’s modulus values were calculated 
as the slope of the curves shown in Figure 2c, considering strain values 
up to 0.01. The difference in the Young’s modulus along each direction 
(x or y) is very small (up to 0.1%). Due to this, only the Young’s modulus 
values calculated from the stress values along direction x were chosen 
to present.
For the crack propagation simulations of Figure 5, the periodicity 
of the monolayer was removed along the x direction by increasing the 
length of the box by 20 Å in that direction. Additionally, to relate to the 
experiments shown in Figure 6 (where a crack was induced by puncturing 
the monolayer intentionally), one metal atom was removed from the 
now nonperiodic edge of the monolayer. In order to evaluate how the 
monolayer behaves when the periodicity in one of the directions along 
the surface was removed, the system again was thermalized, observing 
that the formed dangling bonds at the borders of the monolayer do not 
deform considerably the structure in the finite model. With this setup, 
the structure in the other direction were then able to strain, where the 
monolayer was still periodic (in the case, direction y) allowing to obtain 
a detailed view of how the crack propagates at the structure. The strain 
rate in this case was of 1 × 10-5 per time step, with all the atoms having 
their atomic position updated.
First-principles calculations were performed with Quantum Espresso 
code.[56,57] Electron exchange correlation was treated with the Perdew–
Burke–Ernzerhof functional in the framework of generalized gradient 
approximation. The Kohn–Sham equations were solved by the projector 
augmented wave through the plane wave basis set, with a cutoff 
energy of 500 Ry. A Monkhorst–Pack scheme for k-point sampling with 
a 14 × 14 × 1 k-point mesh was used. Structures were relaxed with a 
convergence threshold of 10-4 Ry Bohr-1 for the atomic forces on each 
ion and 10-6 Ry for the electronic relaxation. A vacuum of 20 Å was 
made along z direction to avoid interaction between periodic images. 
The supercell (3 × 3 × 1, 27 atoms) was relaxed along the monolayer 
surface (x and y directions) with the BFGS algorithm[58] and target 
pressure of 0 bar, maintaining z coordinate fixed.
Characterization: Raman and PL spectra were taken using a 
532 nm laser with a power of 60.4 µW using Renishaw inVia Raman 
spectrometer. All the Raman and PL maps were processed in Wire 4.2. 
The composition of the alloys was analyzed using PHI Quantera X-ray 
photoelectron spectrometer with Al Kα X-rays of energy of 200 kV. 
HAADF analysis was performed using a Nion aberration-corrected 
UltraSTEM 100 operated at an accelerating voltage of 60 kV.[59]
Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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The substitution of Mo atoms by W atoms are unlikely to be the only cause for the values 
of fracture limits observed. Our MD simulations were performed at a temperature of 10 K. We 
chose this particular-temperature to be in accordance with the work from where the Stillinger-
Weber parameters were derived. To investigate further this matter, we performed additional 
simulations at a temperature of 300 K. The range of Mo-S and W-S bond lengths for the alloy 
system where 40% of the Mo atoms were substituted by W atoms is shown in Figure S1(a) and 
(b) for temperatures of 10 and 300 K respectively: 
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Figure S1: Bond lengths after thermalization of the alloy system with 40 % of Mo atoms 
substituted by W atoms at (a) 10 K and (b) 300 K. 
We can see that after equilibration at 10 K, Mo-S and W-S bonds stays within a range 
from 2.375 to 2.395 Å, with a small distinction for the peak values of Mo-S and W-S bond 
values (2.382 for Mo-S and 2.389 for W-S). For the equilibration at 300 K, we noticed that the 
bond values spread out to a range between 2.30 to 2.50 Å. Like in the 10 K case, the peaks also 
present a small difference (2.380 for Mo-S and 2.390 for W-S). These values for Mo-S and W-S 
bonds on the alloy system are in good agreement with the corresponding bond values for the 
pristine monolayers (MoS2 and WS2). 
In Figure S2(a) and (b) below we show the stress x strain behavior of the system at 10 
and 300 K, respectively: 
 
Figure S2: Stress x strain curves for simulations at (a) 10 K and (b) 300K of the pristine 
forms of MoS2 and WS2 as well as the alloy systems with 20 and 40 % of Mo atoms substituted 
by W atoms.  
 
We can see that the fracture limit decreases in all cases at 300 K when comparing to the 
simulations at 10 K. For the lower temperature we can see a noticeable difference between the 
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fracture limit for each monolayer. For the 300 K case the two alloy systems and pristine MoS2 
present approximately the same fracture limit. 
Tungsten atoms presents the higher stresses values on the alloy systems during straining, 
as can be seen in Figure S3. As we make more substitutions of Mo by W, the contributions of W 
atoms for the overall stress increases, heightening the slope of the stress x strain curves. 
 
Figure S3: (a) Tungsten and Molybdenum atoms on the MoS2/WS2 alloy system with 
20% W concentration at straining prior to fracture and (b) von Mises Stress map of the respective 
atoms at the same strain. 
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4. Publications and Presentations
This project produced the following scientific papers:
• Nanodroplets Impacting on Graphene. MRS Advances v.1 pp. 675–680 (2016);
• Nanoscale deformation and friction characteristics of Atomically thin WSe2 and Heterostruc-
ture Using Nanoscratch and Raman Spectroscopy. 2D Materials v.4 045005 (2017);
• Permeation of Water Nanodroplets on Carbon Nanotubes Forests. MRS Advances v.2 pp.
123-128 (2017);
• Nanodroplets Behavior on Graphdiyne Membranes. MRS Advances v.2 pp. 1551-1556
(2017);
• Consolidation of Functionalized Graphene at Ambient Temperature via Mechano-chemistry.
Carbon v. 134, 491–499 (2018);
• 2D Interface engineered reinforced polymer composite. Composites Science and Technology
v. 159, 103–110 (2018);
• Deformation mechanisms of vertically stacked MoS2 /WS2 heterostructures: the role of
interfaces. ACS Nano v. 12 (4), 4036–4044 (2018);
• Morphology Controlled Graphene–Alloy Nanoparticle Hybrids with Tunable Carbon Monox-
ide Conversion to Carbon Dioxide. Nanoscale v. 10, 8840–8850 (2018);
• Differences in the Mechanical Properties of Monolayer and Multilayer WSe2/MoSe2. MRS
Advances v. 3 (6-7), 373–378 (2018).
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• Strain-Induced Structural Deformation Study of 2D Mo𝑥W(1−𝑥)S2. Advanced Materials
Interfaces (2019).
• Spreading Patterns of High Velocity Nanodroplets Impacting on Suspended Graphene. Jour-
nal of Molecular Liquids (2019).
Results were presented at the following scientific events:
• Insights on Mechanical Properties of WS2/MoS2 Heterostructures, MRS Spring Meeting
2018, Phoenix, US;
• Differences in the Mechanical Properties of Monolayer and Multilayer WSe2/MoSe2, MRS
Fall Meeting 2017, Boston, US;
• Nanodroplets Behavior in Functionalized Nanopores, LAMMPSWorkshop 2017, Albuquerque,
US;
• Nanodroplets Behavior on Graphdiyne Membranes, MRS Fall Meeting 2016, Boston, US;
• Permeation of Water Nanodroplets on Carbon Nanotubes Forests, MRS Fall Meeting 2016,
Boston, US;
• Structural Properties of Nanodroplets on Graphene Surfaces, MRS Fall Meeting 2015, em
Boston, US;
• Structural Properties of Nanodroplets on Surfaces, Molsim 2015 School at CECAM, Ams-
terdam, The Netherlands.
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5. Conclusions
In this thesis, I showed how various properties of 2D nanomaterials can be studied by molecular
dynamics simulations. From a theoretical point of view, these simulations can address a specific
system from a different perspective, providing new insights on the behavior of the materials in-
volved. In other occasions, simulations are able to explain at the atomic level processes firstly done
in the macroscale in experiments, where there is a lack of access to specific interatomic details.
The interaction of liquids on 2D materials is a very important subject, as more and more
devices are being produced with those materials. Here, I showed that droplets impacting on 2D
materials at very high velocities (1 to 15 Å/ps) have interesting characteristics that depend closely
on liquid-surface interactions. Specifically in graphene, the degree of wetting changes considerably
the dynamics of droplets spreading on its surface. A more hydrophilic configuration results in an
increased contact diameter and smaller contact angle (CA), while a less hydrophilic configuration
makes the contact diameter smaller and the CA higher. Mantaininig the same chemical element,
carbon, but changing the conformation, as in the graphdiyne sheet, the dynamics change abrupltly
at high velocities, showing increased droplet penetration through the pores. Another structure with
interesting droplet penetration behavior is the functionalized carbon nanotube forest, where we
showed that hydrogenation and hydroxylation are able to tune the wetting properties of the forest’s
surface. A similar procedure as the latter was done for 3D graphene.
Besides wettability, we also studied extensively the mechanical properties of novel layered ma-
terials composed of transition metal dichalcogenides. By combining experimental and theoretical
approaches, we were able to understand why the forces required to peel layers of WSe2 were
greater in monolayered systems than in few layers of those materials. In a different study, we used
simulations to compare how the vertical heterostructure of WS2/MoS2 compares to the pristine
bilayer of MoS2. In the same fashion, the simulations were sufficiently decisive to enable analysis
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of how different concentrations of tungsten substituted in a MoS2 monolayer matrix improved the
mechanical characteristics of the material.
These contributions show that molecular dynamics simulations is an excellent technique to
address many problems in materials science (from wetting to mechanical behavior) by facilitating
further understanding of experiments as well as providing new theoretical perspectives.
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